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I .  I 

WELCOMING REMARKS 

by 

JOHN A. HORNBECK 
P r e s i d e n t  

Sandia Corpora t ion  
Albuquerque , New Mexico 

It i s  c e r t a i n l y  a p l e a s u r e  f o r  m e  t o  be  h e r e  t h i s  morning and t o  
r e p r e s e n t  t h e  Atomic Energy Commission and Sandia  i n  welcoming a l l  of 
you t o  the Contaminat ion Con t ro l  Symposium. For  t h o s e  of you who a r e  
unacquain ted  wi th  t h e  l o c a l  s i t u a t i o n  here, Sandia  i s  a s u b s i d i a r y  of 
t h e  Western E l e c t r i c  Company, b u t . i s  a prime c o n t r a c t o r  t o  t h e  Atomic 
Energy Commission. I n  f a c t ,  Sandia h a s  only  one c o n t r a c t  and t h a t  i s  
w i t h  t h e  AEC.. 
s i o n  f o r  t h e  Department of Defense through the AEC. Thus,  a l though  
t h i s  i s  a j o i n t  AEC-NASA symposium, I f e e l  t h a t  I can welcome you f o r  
the AEC. 

A l l  of the bus iness  i t  does i s  f o r  the AEC,  o r  on occa- 

B u t  I a l s o  fee l  t h a t ,  a t  l e a s t  h i s t o r i c a l l y ,  I can welcome you on 
behal f  of the N a t i o n a l  Aeronat ic  and Space Admin i s t r a t ion ,  s i n c e  I s p e n t  
f o u r  and a h a l f  y e a r s  w i t h  Bel lcomm b e f o r e  coming t o  Sandia .  B e l l c o m m  
i s  a B e l l  System o r g a n i z a t i o n  t h a t  a l s o  had on ly  one c o n t r a c t  and t h a t  
was w i t h  NASI. There w e  were p r i m a r i l y  engaged i n  systems e n g i n e e r i n g  
on the Apol lc  Program f o r  landing  men on the moon i n  t h i s  decade. With 
t h a t  one s t e p  removed, I would l i k e  t o  w e l c o m e  you h e r e  on beha l f  of 
NASA a l s o .  

The t h i r d  way I should  welcome you i s  a s  a good r e s i d e n t  of t h e  
sun coun t ry  of t h e  southwes t ,  on beha l f  of Albuquerque and the S t a t e  of 
New Mexico. J u s t  a few m i l e s  f r o m  here there i s  a tramway t h a t  goes up 
t o  t h e  t o p  of t h e  Sandia crest. It h a s  only  been i n  o p e r a t i o n  f o r  less 
t h a n  two y e a r s ,  and it i s  the longes t  tramway i n  the United S t a t e s .  It 
p rov ides  a l o v e l y  t r i p  up t o  the  t o p .  

I have j u s t  a few remarks t h a t  I would l i k e  t o  make on contamina- 
t i o n  c o n t r o l .  These a r e  somewhat p e r s o n a l ,  and my v iewpoin t  w i l l  n o t  
b e  t h a t  of each  of you, b u t  I would l i k e  t o  c a l l  t o  your  a t t e n t i o n  what 
may b e  r a t h e r  obvious- - the  d u a l i t y  of the contaminat ion  c o n t r o l  s u b j e c t .  
I n  one s e n s e ,  t h e  purpose is c l e a r l y  the c o n t r o l  of con tamina t ion ,  b u t  
i n  a n o t h e r  s e n s e  contaminat ion  c o n t r o l  i s  involved  i n  very  much t h e  same 
t h i n g  a s  the o b s e r v a t i o n  of new p h y s i c a l  p r o c e s s e s .  S i r  I s a a c  Newton 
was involved  i n  an  a s p e c t  of  contaminat ion  c o n t r o l  when an a p p l e  f e l l  on 
h i s  head: he was, i n  a sense, contaminated .  The i n c i d e n t  c a l l e d  h i s  
a t t e n t i o n ,  however, t o  a p h y s i c a l  p r o c e s s ,  namely t h a t  of g r a v i t a t i o n .  
An ex t r aneous  even t  occur red  t h a t  l e d  him t o  a very  fundamental  
o b s e r v a t i o n .  
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I n  my own expe r i ence ,  some y e a r s  ago,  the d u a l i t y  of contaminat ion  
c o n t r o l  was a very r e a l  p a r t  of the everyday world i n  which I l i v e d .  I n  
1953, the  f i r s t  s i n g l e  c r y s t a l s  of s i l i c o n  were made a t  B e l l  Telephone 
L a b o r a t o r i e s  i n  New J e r s e y .  T r a n s i s t o r s  and o t h e r  semiconductors  a r e  s o  
w e l l  known now and s o  wide ly  used t h a t  t o  some of you i t  may s e e m  s t r a n g e  
t h a t  there was a t i m e  when w e  had d i f f i c u l t y  i n  making a s i n g l e  c r y s t a l  
nf s i ! . i~an -  One ~ r n ~ r +  r - -  - e5 rcntsmln2ticr c c n t r c l  ir? sez~ iccnd-c tc rs  CCIE- 

c e r n s  the group 3 and group 5 i m p u r i t i e s  which c o n t r o l  the  r e s i s t i v i t y  
of the m a t e r i a l .  Th i s  was recognized  a t  the t i m e .  However, a c o l l e a g u e  
and I dec ided  t o  look  i n t o  ano the r  a s p e c t  of the  p r o p e r t i e s  of s i l i c o n ,  
and t h i s  had t o  do w i t h  i t s  photoconduct iv i ty :  i f  some l i g h t  were shone 
on a s i n g l e  c r y s t a l ,  a c o n d u c t i v i t y  change would occur  i n  the m a t e r i a l ,  
and t h i s  inc reased  c o n d u c t i v i t y  cou ld  p e r s i s t  f o r  some t i m e .  A c t u a l l y ,  
the  s tudy  of photoconduct iv i ty  i n  t h i s  k ind  of e f f e c t  was q u i t e  o l d .  
Well known r e s e a r c h  people  i n  Germany had s t u d i e d  the phenomena i n  t h e  
e a r l y  1900's  and i n t o  the 1920's,  when long-term pho toconduc t iv i ty  
e f f e c t s  i n  va r ious  m a t e r i a l s  w e r e  a g r e a t  d e a l  more mys te r ious  than  they  
a r e  today.  The photoconduct iv i ty  e f f e c t  i n  s i l i c o n  w e  pinned down t o  
b e  a s s o c i a t e d  with t r a p s  f o r  e l e c t r o n s  o r  h o l e s ,  t h a t  i s  f o r  t h e  minor- 
i t y  c a r r i e r s  i n  the s i l i c o n  m a t e r i a l .  I n  one t y p e  of  s i l i c o n  m a t e r i a l ,  
w e  found t h r e e  t r a p s  f o r  m i n o r i t y  c a r r i e r s .  With three sets of t r a p s  
w e  were a b l e  t o  account  f o r  a l l  the pho toconduc t iv i ty  e f f e c t s  l a s t i n g  
from f r a c t i o n s  of a microsecond t o  t e n s  of  thousands of seconds.  W e  
had a t h e o r e t i c a l  model which expla ined  what was going  on. 

The d u a l i t y  here i s  q u i t e  c l e a r .  The t r a p s  a r e  a s s o c i a t e d  w i t h  
i m p u r i t i e s  i n  t h e  m a t e r i a l ,  i n  the s i n g l e  c r y s t a l  o f  s i l i c o n ,  and the 
p h y s i c a l  e f f e c t ,  which i s  the o t h e r  way of looking  a t  i t ,  i s  the  photo-  
c o n d u c t i v i t y .  The same k ind  of o b s e r v a t i o n  can b e  made w i t h  r e s p e c t  t o  
c o l o r  c e n t e r s  i n  a l k a l i  h a l i d e  c r y s t a l s .  When an atom i s  mis s ing  from 
the l a t t i c e  and an e l e c t r o n  happens t o  b e  t r apped  i n  t h a t  s i t e ,  w e  have 
one k ind  of c o l o r  c e n t e r  and w e  have a d e f e c t  o r  a Contaminat ion,  b u t  
i f  there a r e  i n t e r s t i t i a l  atoms i n  the l a t t i c e ,  w e  have a n o t h e r  k ind  of 
c o l o r  c e n t e r .  And aga in  w e  have the d u a l i t y  of an imper fec t ion  o r  con- 
t amina t ion  and a p h y s i c a l  p rocess .  

These remarks l ead  me  t o  one f u r t h e r  obse rva t ion - - in  pu r su ing  the  
c o n t r o l  of  contaminat ion  w e  m u s t  have means f o r  t e s t i n g  o r  d e t e c t i n g  
the  contaminat ion .  W e  need measuring t echn iques  f o r  s e n s i n g  a s  w e l l  
a s  t echn iques  f o r  i d e n t i f y i n g  the p a r t i c u l a r  contaminat ion .  I n  the  
examples I gave ,  the  c o l o r  c e n t e r s  i n  a l k a l i  h a l i d e  c r y s t a l s ,  I i d e n t i -  
f i e d  an e l e c t r o n  i n  an a tomless  l a t t i c e  p o s i t i o n  a s  a s s o c i a t e d  w i t h  the  
contaminat ion .  In t h e  c a s e  of the normal c o n d u c t i v i t y  of semiconductors ,  
the  contaminant  was a s s o c i a t e d  w i t h  the amount of group 3 o r  group 5 
i m p u r i t i e s  i n  the  l a t t i c e .  W e  can  n o t  on ly  i d e n t i f y  the contaminant  
b u t  a l s o  measure the  amount of i t  p r e s e n t .  With pho toconduc t iv i ty  w e  
knew t h e  t r a p s  were p r e s e n t  and w e  could  measure the number, b u t  a t  t h a t  
t i m e  w e  cou ld  not  i d e n t i f y  what m a t e r i a l  was added t o  the  s i l i c o n  which 
was i t s e l f  the  cause  of  the  t r a p s .  So i n  one c a s e  w e  do i d e n t i f y  and 
i n  t h e  o t h e r  case  w e  do n o t .  It i s  i m p o r t a n t ,  f o r  obvious r e a s o n s ,  
b o t h  t o  s e n s e  and t o  i d e n t i f y .  

It i s  c l e a r  from t h e s e  remarks t h a t  I am n o t  making an addres s .  
My p r i n c i p a l  o b j e c t i v e  i n  be ing  here i s  t o  welcome you t o  Albuquerque 
and t o  encourage you, i f  you have more t i m e ,  t o  s t a y  beyond the Contam- 
i n a t i o n  C o n t r o l  Symposium and en joy  che Land of Enchantment. Thank you. 
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INTRODUCTION 

R.  W.  HENDERSON 
Vice P r e s i d e n t  

Sandia Corpora t ion  
Albuquerque , New Mexico 

Over the  p a s t  f e w  y e a r s ,  there  h a s  been a tremendous i n c r e a s e  of 
a t t e n t i o n  p a i d  i n  l a b o r a t o r i e s ,  development groups ,  manufac tur ing  con- 
c e r n s ,  and medica l  f a c i l i t i e s  t o  the extreme importance contaminat ion  
c o n t r o l  p l a y s  i n  ach iev ing  d e s i r e d  g o a l s  i n  the accomplishment of  the 
t a s k  a t  hand. I n  a l l  t o o  many c a s e s ,  the f a i l u r e  t o  ach ieve  these 
g o a l s  h a s  been t r a c e d  t o  inadequate  contaminat ion  c o n t r o l .  F a i l u r e  t o  
succeed a t  any t a s k  c o s t s  d o l l a r s  i n  sc rappage ,  rework, do ing  the j o b  
ove r  a g a i n ,  o r  r e s o r t i n g  t o  an a l t e r n a t e ,  less a t t r a c t i v e  s o l u t i o n  t o  
the problem t o  avoid  the d i f f i c u l t y .  The p r e s s u r e  of  compe t i t i on  f o r  
a v a i l a b l e  d o l l a r s  demands t h a t  eve ry  p o s s i b l e  s t e p  b e  taken  t o  do the 
j o b  r i g h t  the f i rs t  t i m e ,  and t h a t  g o a l  h a s  gene ra t ed  i n t e n s i v e  work 
by many t o  deve lop  t echn iques  and c o n t r o l s  t h a t  w i l l  a s s u r e  s t e p  by 
s t e p  maintenance of a c c e p t a b l e  contaminat ion  levels. 

L e f t  a l o n e  and ignored  i n  t h i s  w o r l d ' s  e x p o n e n t i a l l y  expanding a c t i v i -  
t i es ,  i t  w i l l  behave e x a c t l y  l ike  en t ropy  -- i n c r e a s e ,  ad i n f i n i t u m .  
B u t ,  a s  i n  d e a t h  and t a x e s ,  organized probing  a t t a c k s  by d e d i c a t e d  
competent people  can a t  l e a s t  d e t e r  i t s  vorac ious  effects ,  and ,  hope- 
f u l l y ,  e l i m i n a t e  them i n  s o m e  a r e a s  of prime importance.  Knowing the 
n a t u r e  of a contaminant ,  i t s  o r i g i n ,  and how it  r e a c t s  w i t h  o r  responds  
t o  a t t a c k i n g  a g e n t s  o r  mechanisms i s  h a l f  the  b a t t l e  i n  ach iev ing  i t s  
e l i m i n a t i o n  o r  p r e v e n t i n g  i t s  i n f i l t r a t i o n  a t  the o u t s e t .  

t h i n g  of a v i r t u e  s i n c e  mankind became aware of i t s  e x i s t e n c e ,  b u t ,  
a l l  t o o  o f t e n ,  i t  was t a c k l e d  a s  an a f t e r t h o u g h t ,  t he reby  r e s u l t i n g  i n  
cobbled-up appendages t o  the a c t i v i t y ,  p r o d u c t ,  o r  p r o c e s s  i n  q u e s t i o n .  
B e n e f i c i a l  r e s u l t s  t h u s  achieved a r e  c h a r a c t e r i s t i c a l l y  c o s t l y  and may 
even r e s u l t  i n  deg rada t ion  of the e f f e c t i v e n e s s  of the  a c t i v i t y ,  prod- 
u c t ,  o r  p r o c e s s  t h a t  the contaminat ion c o n t r o l  e f f o r t  was supposed t o  
improve. 

t i o n  of contaminat ion  c o n t r o l  a s  an  i n t e g r a l  p a r t  o f  the  i n i t i a l  i n p u t s  
t o  des ign  requi rements  so  t h a t  e v a l u a t e d  t r a d e - o f f s  can b e  made con- 
t i n u o u s l y  by man ipu la t ions  of these many requi rements  th roughout  the 
e v o l u t i o n  of the  des ign .  Only by t h i s  g i v e  and t a k e  mechanism can one 
a r r i v e  a t  an i n t e g r a t e d  s o l u t i o n  approaching  the optimum. 

Contamination h a s  many t h i n g s  i n  common w i t h  d e a t h  and t a x e s .  

To b e  s u r e ,  c o n t r o l  of  contaminat ion  h a s  been cons ide red  some- 

Obviously,  t h e r e f o r e ,  t h e r e  was and i s  major  need f o r  cons ide ra -  
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An e x c e l l e n t  i l l u s t r a t i o n ,  be ing  kep t  i n  f r o n t  of the  p u b l i c  a t  
t h i s  t i m e  through n a t i o n a l  news media,  i s  the a t t a c k  upon o b j e c t i o n a b l e  
c o n s t i t u e n t s  i n  t h e  emiss ions  from t h e  i n t e r n a l  combustion engines  of 
motor v e h i c l e s .  The f i r s t  top-of - the-head  i d e a s  on c o n t r o l  of t h i s  
problem r a t h e r  unders tandably  focused upon exhaus t  s c rubbe r s  of one 
t v p e  o r  ano the r :  and ni imprni iq  i i n + r a l C e c ! ,  +kal~gh = . c r l  s c l f - s t y k d  
mot ive  eng inee r s ,  r o s e  up from the l a y  p u b l i c  w i t h  ready  add-on "solu-  
t i o n s .  I '  Simultaneously the l a b o r a t o r i e s  of the au tomot ive  i n d u s t r y  
s t a r t e d  t o  ana lyze  the c o n t e n t  of the t o t a l  emiss ions  t o  i d e n t i f y  
s p e c i f i c  chemical  components and t h e i r  c o n c e n t r a t i o n .  

The f i r s t  s o u r c e  of emiss ion  of unburned hydrocarbons t a c k l e d  
was blow-by p a s t  t h e  p i s t o n s ,  i n t o  t h e  c rankcase ,  and o u t  the crank-  
c a s e  b r e a t h e r  p ipe  t o  the atmosphere--a l a r g e  c o n t r i b u t i o n ,  p a r t i c u l a r l y  
i n  o l d e r  c a r s  with worn p i s t o n  r i n g s  and c y l i n d e r s .  A 30 p e r c e n t  re- 
duc t ion  i n  t o t a l  emiss ion  was achieved  on 1961 models f o r  s a l e  i n  
C a l i f o r n i a ,  and f o r  na t ionwide  s a l e  on 1963 models by the a d d i t i o n  of 
a feed-back pa th  from the c rankcase  t o  t h e  c a r b u r e t o r  o u t l e t  t o  t h e  
e n g i n e ,  thereby  e l i m i n a t i n g  t h e  c rankcase  b r e a t h e r ,  

t i o n ,  complicated by t h i s  c r ankcase  vapor r e t u r n ,  i t  was found t h a t  the  
d a i l y  and annual  wide v a r i a t i o n s  i n  a i r  t empera ture  had t o  be  g r o s s l y  
reduced.  Th i s  i s  be ing  done on 1968 models through t h e  i n c o r p o r a t i o n  
of an a i r  p rehea te r  which u s e s  t h e  h e a t  from the exhaus t  mani fo ld .  
Thus the a i r  i n t a k e  t o  the c a r b u r e t o r  w i l l  b e  t empera tu re  c o n t r o l l e d  
t o  a much g r e a t e r  deg ree ,  p e r m i t t i n g  b e t t e r  c o n t r o l  of the a i r  t o  f u e l  
r a t i o  over  the d a i l y  d r i v i n g  c y c l e .  

i n t o  t h e  h o t  exhaust  mani fo ld  t o  accomplish more complete  combustion of 
the unburned hydrocarbons and the  convers ion  of carbon monoxide t o  c a r -  
bon d i o x i d e  a s  they  l eave  t h e  c y l i n d e r s .  The a d d i t i o n a l  h e a t  gene ra t ed  
i n  t h i s  p rocess  w i l l  r e s u l t  i n  a h o t t e r  exhaus t  system wi th  i t s  con- 
sequent  des ign  and rr .a ter ia ls  c o m p a t i b i l i t y  problems i n  muf f l e r s - - a  f i n e  
example of the need f o r  i n t e g r a t e d  des ign  from s t a r t  t o  f i n i s h  wherein 
a l l  f a c t o r s  a r e  cons ide red  s imul t aneous ly .  

These t h r e e  improvements i n  des ign  w i l l  r e s u l t  i n  a 60 p e r c e n t  
r e d u c t i o n  i n  o b j e c t i o n a b l e  emis s ions ;  b u t  w i t h  t h a t  i n  hand ,  ano the r  
s i g n i f i c a n t  source  comes i n t o  focus - - the  s u r p r i s i n g  amount of g a s o l i n e  
t h a t  evapora t e s  d i r e c t l y  t o  the atmosphere from the h o t  c a r b u r e t o r  
assembly and from t h e  g a s o l i n e  t a n k  b r e a t h e r  system. These two sources  
a r e  q u i t e  a p p r e c i a b l e ,  so work i s  p r o g r e s s i n g  on t h e i r  e l i m i n a t i o n .  
Lower vapor p r e s s u r e  f u e l s  would h e l p ,  b u t  t h e i r  u s e  would r e f l e c t  
d i r e c t l y  back i n t o  c a r b u r e t o r  and engine  des ign  i f  c u r r e n t  l e v e l s  of 
horsepower p e r  pound of eng ine  weight  a r e  t o  be main ta ined .  

And s o  i t  goes.  The e l i m i n a t i o n  o r  c o n t r o l  of major  sou rces  of 
contaminat ion  uncovers a l s o - r a n s  t h a t  emerge i n t o  the s p o t l i g h t  f o r  
s i m i l a r  a t t ack - -a  never  ending  c h a l l e n g e  t h a t  the  world can no longer  
b l i t h e l y  i g n o r e  i f  i t s  h e a l t h  and f u t u r e  we l l -be ing  a r e  t o  be  guaranteed .  

S ince  proper  a i r - t o - f u e l  r a t i o  i s  e s s e n t i a l  t o  e f f i c i e n t  combus- 

I n  a d d i t i o n  t o  these two major  improvements, a i r  i s  t o  b e  i n j e c t e d  



. 

S i n c e  much of the work t o  d a t e  and hoped f o r  i n  the f u t u r e  t o  
e l i m i n a t e  t h i s  contaminat ion  c o n t r o l  problem has  been o r  w i l l  be  
accomplished through the expend i tu re  of t a x p a y e r s '  d o l l a r s ,  d i r e c t l y  
o r  i n d i r e c t l y ,  w e  a r e  a l l  ob l iga t ed  t o  s h a r e  ou r  s u c c e s s e s ,  and o f t e n  
e q u a l l y  impor tan t  f a i l u r e s ,  with each o t h e r  and wi th  s o c i e t y  a t  l a r g e ,  
t o  the end t h a t  t h e  wheel w i l l  no t  be  r e p e a t e d l y  r e i n v e n t e d  and maxi- 
mum p r o g r e s s  can  b e  achieved a t  t h e  e a r l i e s t  p o i n t  i n  t i m e  and a t  t h e  
lowes t  d o l l a r  c o s t .  

The re fo re ,  the o b j e c t i v e s  of t h i s  Symposium a r e :  

1. To p rov ide  a means of exchanging t e c h n o l o g i c a l  
i n fo rma t ion  concerning advances i n  automation 
and advanced in s t rumen ta t ion  f o r  contaminat ion  
c o n t r o l .  

2 .  To p rov ide  a b e t t e r  unde r s t and ing  of c a p a b i l i -  
t i es  and l i m i t a t i o n s  of contaminat ion  c o n t r o l  
moni tor ing  equipment. 

c o n t r o l  i n s t r u m e n t a t i o n .  
3 .  To e x p l o r e  f u t u r e  needs f o r  contaminat ion  

To addres s  these o b j e c t i v e s ,  the program h a s  been ar ranged  i n t o  
s i x  s e s s i o n s :  

Sess ion  1. Contamination i n  l i q u i d s .  

Sess ion  2 .  R a d i a t i o n  moni tor ing .  

Sess ion  3 .  Sur face  contaminat ion .  

Sess ion  4 .  A i r  and Gas con tamina t ion .  

Sess ion  5. M i c r o b i a l  contaminat ion .  

Sess ion  6.  Systems approach t o  con tamina t ion  c o n t r o l .  

Again w e  a r e  p l eased  t h a t  s o  many of you have shown enough i n t e r -  
es t  i n  the s u b j e c t  t o  t r a v e l  many m i l e s  t o  exchange i d e a s  and become 
b e t t e r  acqua in ted  w i t h  o t h e r s  f a c i n g  s i m i l a r  problems. W e  a l s o  con- 
s i d e r  i t  a d i s t i n c t  honor t h a t  t h i s  symposium i s  be ing  h e l d  i n  
Albuquerque. W e  hope t h a t  you w i l l  en joy  your  s t a y  i n  t h e  Land of 
Enchantment and c a r r y  away with you more i n s i g h t  t han  you brought  to 
t h i s  d i s c u s s i o n  of one of the g r e a t e s t  t h r e a t s  f a c i n g  th i s  coun t ry  
today ,  p a r t i c u l a r l y  a s  i t  relates t o  ou r  a tmosphere and wa te r  r e s o u r c e s .  
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SESSION I 

CONTAMINATION I N  LIQUIDS 

INTRODUCTION 

by 

J. N. GAYLE 
Kennedy Space F l i g h t  Cen te r  

Cape Kennedy , F l o r i d a  

I n  t h e  space  i n d u s t r y ,  contaminat ion  c o n t r o l  f i r s t  ga ined  a f o o t -  
h o l d  a s  a s e p a r a t e  d i s c i p l i n e  i n  connec t ion  w i t h  l i q u i d  systems when, 
i n  the m i d - 1 9 5 0 ' ~ ~  a s m a l l  l a b o r a t o r y  was e s t a b l i s h e d  a t  Redstone 
Arsena l  t o  sample and ana lyze  h y d r a u l i c  f l u i d  f o r  p a r t i c u l a t e  c o n t e n t .  
S i n c e  t h e n ,  the scope  of contaminat ion  c o n t r o l  h a s  been en la rged  t o  
i n c l u d e  a lmost  every  t y p e  of contaminant  and media imaginable .  

A t  Kennedy Space F l i g h t  C e n t e r ,  t h e  impor tance  of contaminat ion  
c o n t r o l  i n  l i q u i d  systems i s  r e f l e c t e d  i n  the 1000 commodity a n a l y s e s  
performed p e r  week i n  suppor t  of the APOLLO program, w i t h  most of these 
commodities b e i n g  l i q u i d s .  I n  a d d i t i o n ,  t h e  A i r  Fo rce  l a b o r a t o r y  p e r -  
forms about  500 a n a l y s e s  p e r  week i n  s u p p o r t  of t h e  unmanned launch 
programs. 

t i m e  a sample i s  r e j e c t e d ,  t he  impact may r ange  from one extreme t o  
t h e  o t h e r .  The minimum impact i s  going ou t  and g e t t i n g  a n o t h e r  sample.  
O r  i t  may be  a l i t t l e  m o r e  d r a s t i c  i n  t h a t  the commodity h a s  t o  b e  
r e t u r n e d  t o  the vender .  And the maximum impact ,  of c o u r s e ,  i s  t h e  
d e l a y  of a major  t es t  o r  launch.  So i t  can b e  seen  t h a t  there a r e  
r e a l  problems i n  contaminat ion i n  l i q u i d  systems.  

The c u r r e n t  r e j e c t i o n  r a t e  i s  on t h e  o r d e r  of 20  p e r c e n t .  Every 

The f i r s t  three pape r s  i n  S e s s i o n  I a r e  r e l a t e d .  They a l l  d e a l  
w i t h  the development of au tomat ic  i n s t r u m e n t s  f o r  the measurements of 
n o n v o l a t i l e  r e s i d u e  (NVR) c o n t e n t  of s o l i d s .  The p r a c t i c a l  impor tance  
of  t h i s  p a r t i c u l a r  measurement can a g a i n  be  i l l u s t r a t e d  by t h e  opera-  
t i o n s  a t  Kennedy Space F l i g h t  C e n t e r ,  where NASA and the A i r  Fo rce  
t o g e t h e r  perform about  400 NVR d e t e r m i n a t i o n s  p e r  week i n  s u p p o r t  
p r i m a r i l y  of t h e  v a r i o u s  c l e a n i n g  f u n c t i o n s .  N o t  on ly  would a s h o r t ,  
f a s t ,  and a c c u r a t e  method r e p r e s e n t  a s i g n i f i c a n t  s av ings  i n  t e r m s  of 
manpower, b u t  a l s o  i t  would r e p r e s e n t  a major  s av ings  i n  turn-around 
t i m e  f o r  hardware,  which i s  f r e q u e n t l y  i d l e  s i n c e  i t  cannot  be  packaged 
or  p u t  i n t o  the sys tem w h i l e  the r e s u l t s  of t h e  a n a l y s e s  a r e  be ing  
awai ted .  

a 
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The l a s t  t h r e e  papers  of t h i s  s e s s i o n  w i l l  d e a l  w i t h  t h e  more 
g e n e r a l  problem of sampling and a n s l y s i s  of f l u i d s  f o r  t h e  v a r i o u s  
contaminants ,  ranging from the o v e r a l l  problem involved  i n  au tomat ing  
the mon i to r ing  of contaminat ion  i n  f l u i d  sys tems,  and the u s e  of re- 
s i s t a n c e  measuring techniques  t o  d e t e c t  the  p resence  of minute  q u a n t i -  
t i e s  of m e t a l l i c  contaminat ion  i n  c e r t a i n  s n l i r ~ n t g ,  tc e f f e c t  cf 
p a r t i c u l a t e  contaminants  on v a r i o u s  h y d r a u l i c  sys tem components. 
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1. NONVOLATILE RESIDUE TEST METHODS 

D. N. VICJERS 

Marsha 11 Space F l i g h t  Center  
H u n t s v i l l e  , Alabama 

E a r l y  i n  the space  p r o  ram it  was d i scove red  t h a t  most o r g a n i c  
m a t e r i a l s  and l i q u i d  oxygen $LOX) make ve ry  s e n s i t i v e  and hazardous 
mix tu res .  This and o t h e r  contaminat ion  f a c t o r s  r e s u l t e d  i n  some s t r ic t  
s p a c e  hardware c l e a n l i n e s s  requi rements .  The most f r e q u e n t l y  used o i l  
c l e a n l i n e s s  e v a l u a t i o n  method i n  i n d u s t r y  has  been t h e  wa te r  b reak  
t es t ,  which i s  more a "go, no go" tes t  than  a q u a n t i t a t i v e  tes t .  
n o n v o l a t i l e  r e s i d u e  (NVR), g r a v i m e t r i c  test p r e s e n t l y  used was devised  
i n  an e f f o r t  t o  o b t a i n  a q u a n t i t a t i v e  answer;  however, it was soon 
a p p a r e n t  t h a t  t h e  method had many d e f i c i e n c i e s  a s  fo l lows:  

consuming, e s p e c i a l l y  i n  t h e  c a s e  of h i g h  b o i l i n g  s o l v e n t s  such a s  
t r i c h l o r o e t h y l e n e .  
t o  f i n i s h  f o r  a s i n g l e  sample; however, on a p roduc t ion  b a s i s  w i t h  the 
u s e  of a f l a s h  e v a p o r a t o r ,  t h e  average  t i m e  p e r  sample i s  less than  
1 hour .  

The 

1. Evapora t ion ,  weighing,  and reweighing  of the sample i s  t i m e  

T r i c h l o r o e t h y l e n e  r e q u i r e s  about  3 hours  from s t a r t  

2 .  P a r t  of t h e  NVR is  l o s t  w i t h  s o l v e n t  vapors  d u r i n g  s o l v e n t  
e v a p o r a t i o n ,  and t h i s  loss  i s  no t  c o n s t a n t  enough t o  a l l o w  t h e  u s e  of 
a c o r r e c t i o n  f a c t o r .  

3. Even i f  the a n a l y s i s  method w e r e  comple te ly  a c c u r a t e ,  the  
r e s u l t s  would s t i l l  b e  only  an approximation of a c t u a l  s u r f a c e  contam- 
i n a t i o n .  T e s t s  have shown t h a t  on ly  a p o r t i o n  of contaminat ion  on a 
s u r f a c e  can b e  removed by test  s o l v e n t  f l u s h i n g ,  and t h i s  p o r t i o n  i s  
v a r i a b l e ,  depending upon f l u s h i n g  c o n d i t i o n s .  

F i g u r e  1 shows t y p i c a l  NVR t es t  rsul ts  by t h e  g r a v i m e t r i c  method. 
Data a r e  from a n a l y s i s  r e s u l t s  f o r  p repa red  samples of heavy m i n e r a l  
o i l  i n  t r i c h l o r o e t h y l e n e .  Note t h a t  t h e  p e r c e n t  r ecove ry  r anges  from 
abou t  48 t o  72 p e r c e n t ,  and t h a t  p e r c e n t  r ecove ry  i s  n o t  r e p r o d u c i b l e  
f o r  a g iven  contaminat ion  l e v e l ,  a s  ev idenced  by i d e n t i c a l  samples 1-2,  
and 3-5. 
p e r a t u r e ,  about  33"C, t o  d u p l i c a t e  tes t  c o n d i t i o n s  a s  c l o s e l y  a s  
p o s s i b l e  and t o  l o s e  a minimum of o i l  by e v a p o r a t i o n .  

These a n a l y s e s  w e r e  conducted a t  a c o n t r o l l e d  ambient t e m -  
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I MILLIGRAMS OF MILLIGRAMS OF PERCENT r i  SAMPLE OIL ADDED I OIL RECOVERED I RECOVERY 

5 3.12 62.4 

4 20 15.12 75.6 

5 10 5.45 54.5 

NOTE: DATA FROM HAYES INTERNATIONAL CORPORATION, NASA 

TEST REPORT NO. 10911, VOLUME 1, CLEANING STUDY 

PROGRAM, CONTRACT NO. NAS8-2483. 

F i g u r e  1. Ambient tempera ture  evapora t ion  
of t r i c h l o r o e t h y l e n e  

To r e s o l v e  these and o t h e r  problems,  h e l p  was s o l i c i t e d  from 
i n d u s t r y ,  and i n  1962 a c o n t r a c t  was awarded t o  I l l i n o i s  I n s t i t u t e  of 
Technology Research I n s t i t u t e  ( I I T )  f o r  development of a n a l y t i c a l  
methods and tes t  equipment f o r  de t e rmina t ion  of hydrocarbon contamina- 
t i o n .  The t e s t i n g  and a n a l y s i s  methods shown on Tab le  I were s t u d i e d .  

TABLE I 

Tea t ing  and Ana lys i s  Methods S tud ied  by I I T R I  

1. On s i t e - t e s t i n g  of launch v e h i c l e  s u r f a c e  c l e a n l i n e s s .  
A .  f l a s h  p h o t o l y s i s  
B .  adso rp t ion  - d e s o r p t i o n  
C .  vacuum d e s o r p t i o n  
D .  v i b r a t i n g  c a p a c i t o r  

2 .  Determining minute  hydrocarbon contaminat ion  l e v e l s  
i n  c h l o r i n a t e d  ( t r i c h l o r o e t h y l e n e )  f l u s h i n g  s o l v e n t s .  
A .  a t t e n u a t e d  t o t a l  r e f l e c t a n c e  
B. c r i t i c a l  a n g l e  e l l i p s o m e t r y  
C .  n e a r - i n f r a r e d  spec t roscopy 
D.  l i g h t  s c a t t e r i n g  



P a r t  1 on t h e  t a b l e  l i s t s  s u r f a c e  c l e a n l i n e s s  e v a l u a t i o n  methods 
a l t e r n a t e  t o  t h e  s o l v e n t  f l u s h  and NVR a n a l y s i s  method, which w e r e  
e v a l u a t e d ,  and they  w i l l  no t  be d i s c u s s e d .  
i n  P a r t  2 and s e v e r a l  o t h e r  methods which have been t r i e d  d u r i n g  the 
p a s t  10 y e a r s ,  a l l  b u t  one were found t o  l a c k  the r e q u i r e d  s e n s i t i v i t y  
i n  the range  of 0 t o  20 mg of o i l  p e r  500 m l  of s o l v e n t .  L igh t  s c a t t e r -  
i n g  was t h e  only  method tes ted which gave t h e  d e s i r e d  accuracy and speed 
of a n a l y s i s .  The method measures NVR a s  a f u n c t i o n  of t h e  amount of 
l i g h t  s c a t t e r e d  by the NVR d r o p l e t s  which a r e  formed when s o l v e n t  i s  
evapora t ed  from a f i l t e r e d  contaminated s o l v e n t  a e r o s o l .  

F i g u r e  2 p r e s e n t s  a good p i c t u r e  of t h e  s e n s i t i v i t y  of the 
l a b o r a t o r y  in s t rumen t  used by I I T  i n  i t s  s tudy  of  the l i g h t  s c a t t e r i n g  
method w i t h  Harmony 69 o i l  used a s  t h e  contaminant .  Note t h a t  t h e  
c u r v e  shows good s e n s i t i v i t y  i n  t h e  r ange  of 0 t o  2 0  ppm. The s e n s i -  
t i v i t y  was less f o r  ha logenated  tes t  contaminants  such a s  KEL-F-10. 

Of t h e  NVR a n a l y s i s  methods 

6 
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F i g u r e  2 .  T o t a l  l i g h t  s c a t t e r i n g  f o r  Harmony 69 
o i l  when d i l u t e d  from 50 ppm s t a n d a r d  
s o l u t i o n  t o  v a r i o u s  contaminat ion  
l e v e l s  

A s  a r e s u l t  of t h i s  f e a s i b i l i t y  s t u d y ,  IIT f u r n i s h e d  two p r o t o -  
t y p e  p roduc t ion  i n s t r u m e n t s  t o  the M a r s h a l l  Space F l i g h t  Cen te r  f o r  
e v a l u a t i o n .  The f i r s t  ins t rument  was e v a l u a t e d  by t h e  P ropu l s ion  and 
Vehicle Engineer ing  Labora to ry ,  and i t s  conc lus ion  was t h a t  the method 
i s  f a s t e r  and more a c c u r a t e  than t h e  g r a v i m e t r i c  method, b u t  t h a t  the 
equipment could  be  improved. The second ins t rumen t  i n c o r p o r a t e d  
improvements made a s  a r e s u l t  of t h e  f i r s t  i n s t rumen t  e v a l u a t i o n ,  and 
i t  i s  be ing  e v a l u a t e d  by t h e  Q u a l i t y  and R e l i a b i l i t y  Assu- r a n c e  
Labora tory .  
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Table  I1 p r e s e n t s  the c a p a b i l i t i e s  and l i m i t a t i o n s  of the second 
ins t rumen t  which have been noted t o  d a t e .  I n  s u m ,  t he  equipment i s  
capab le  of performing f a s t ,  a c c u r a t e  a n a l y s e s  w i t h  a h i g h  degree  of 
r e p r o d u c i b i l i t y ,  
When it i s  ope ra t ing  con t inuous ly  i n - l i n e  w i t h  the  c l e a n i n g  p r o c e s s ,  
i t  1s aucomacic a i i e r  s i d L i - u p  G E ~  -,rLzts d t s r r e + _ e  ~ f i ~ 1 1 7 c ~ ~  --I ~ st I P S S  
t h a n  1 minute  i n t e r v a l s .  The mode can be  s e l e c t e d  t o  measure NVR i n  
ei ther the i n f l u e n t  o r  e f f l u e n t  s o l v e n t  o r  t o  measure the  d i f f e r e n c e  
between the two. Opera t ion  i s  slower on a b a t c h  b a s i s ,  r e q u i r i n g  2 0  
t o  30 minutes  t o  compare a sample t o  a b l ank .  The p e r c e n t  of e r r o r ,  
based  on a n a l y s i s  of prepared  samples ,  i s  less than  10 p e r c e n t  t h a t  
o f  the g rav ime t r i c  method. 
o p e r a t o r s  a s  does the g r a v i m e t r i c  method. 

It can o p e r a t e  on either b a t c h  o r  cont inuous  b a s i s .  

R e p r o d u c i b i l i t y  does n o t  vary between 

TABLE I1 

Evalua t ion  of L igh t  S c a t t e r i n g  Equipment and 
Technique f o r  NVR Ana lys i s  

Advantages 

1. f a s t  
2 .  a c c u r a t e  
3 .  r e p r o d u c i b l e  r e s u l t s  
4 .  automatic  o p e r a t i o n  
5. ba tch  o r  cont inuous  on-stream o p e r a t i o n  

L i m i t a t i o n s  

1. equipment mechanical  maintenance 
2 .  equipment e l e c t r o n i c  maintenance 
3 .  matched n e b u l i z e r s  r e q u i r e d  f o r  comparison mode 
4 .  low s e n s i t i v i t y  i n  0-10 mg/500 m l  r ange  
5. low s e n s i t i v i t y  f o r  ha locarbon NVR m a t e r i a l s  

Equipment l i m i t a t i o n s  a r e  composed p r i n c i p a l l y  of  maintenance 
problems,  and these a r e  most ly  e l e c t r o n i c .  Accuracy and s e n s i t i v i t y  
a r e  good when the equipment i s  o p e r a t i n g  p r o p e r l y ;  however, s e n s i t i v i t y  
i n  t h e  0 t o  1 0  mg/SOO m l  r ange ,  where most of the  work i s  done,  i s  much 
less than  a t  s l i g h t l y  h i g h e r  c o n c e n t r a t i o n s .  

F i g u r e  3 shows c a l i b r a t i o n  cu rves  based on p repa red  samples of 
a hydrocarbon compressor o i l  i n  t r i c h l o r o e t h y l e n e .  
i s  a f u n c t i o n  of the s l o p e  of t h e  c a l i b r a t i o n  curves, s e n s i t i v i t y  i s  
about  three t i m e s  g r e a t e r  i n  the 10 t o  20  mg r a n g e  than  i n  the  0 t o  
10 mg range .  Also,  the  REL ‘‘B” curve, b e i n g  s t e e p e r ,  shows b e t t e r  
s e n s i t i v i t y  than the  REL ”A” curve. 
i s  thought  t o  be  caused p r i n c i p a l l y  by d i f f e r e n c e s  i n  the two n e b u l i z e r s .  

S ince  s e n s i t i v i t y  

The d i f f e r e n c e  i n  the two cu rves  
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The n e b u l i z e r  a tomizes  t h e  s o l v e n t  and i s  a major  de te rmining  f a c t o r  
i n  the p r o p e r t i e s  of t h e  a e r o s o l .  I d e a l l y ,  t h e  n e b u l i z e r s  should b e  
matched s o  t h a t  t h e  c a l i b r a t i o n  curves a r e  a lmost  i d e n t i c a l .  This is  
e s p e c i a l l y  impor t an t  i n  the comparison mode f o r  measuring the d i f f e r -  
e n c e  i n  NVR l eve l  of two s o l v e n t  samples.  These two cu rves  a l s o  
s u g g e s t  t h a t  t h e r e  i s  an optimum n e b u l i z e r  des ign  f o r  max imum s e n s i -  
t i v i t y  of  a g i v e n  system. 

F i g u r e  3 .  Hydrocarbon compressor o i l  
i n  t r i c h l o r o e t h y l e n e  

Both t h e  t e c h n i q u e  and equipment look h i g h l y  promising;  however, 
based  on t h e  e v a l u a t i o n  performed thus f a r  on t h e  p r o t o t y p e  equipment,  
equipment development h a s  n o t  advanced t o  t h e  p o i n t  where it can re- 
p l a c e  t h e  p r e s e n t  g r a v i m e t r i c  method. W e  a r e  s t i l l  e v a l u a t i n g  the 
equipment and w i l l  c o n t i n u e  working w i t h  t h e  c o n t r a c t o r  i n  a n  e f f o r t  
t o  i n c r e a s e  equipment r e l i a b i l i t y .  
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by M. R .  Jackson and M.  J. Salkowski" 

P resen ted  by 

M .  R .  JACKSON 
I I T  Research I n s t i t u t e  

Chicago , I l l i n o i s  

A b s t r a c t  

An ins t rument  i s  d e s c r i b e d  f o r  measuring the n o n v o l a t i l e  r e s i d u e  
of c l e a n i n g  s o l v e n t s  on a cont inuous  b a s i s .  The r e s i d u e  i s  concen t r a t ed  
i n  a e r o s o l  form by evapora t ion  of t h e  more v o l a t i l e  s o l v e n t .  The volume 
of the c o n c e n t r a t e  a e r o s o l  i s  a s s e s s e d  by u s i n g  a forward l i g h t  s c a t t e r -  
i n g  photometer .  
pu t  t o  n o n v o l a t i l e  r e s i d u e  c o n c e n t r a t i o n  a r e  p r e s e n t e d .  

Exper imenta l ly  de r ived  cu rves  r e l a t i n g  photometer ou t -  

I n t r o d u c t i o n  

There i s  an i n c r e a s i n g  demand i n  the ae rospace  and o t h e r  indus-  
t r ies  f o r  components f r e e  a s  s o l u b l e  r e s i d u e s .  These range  from o i l -  
f r e e  l i q u i d  oxygen systems t o  f l u x - f r e e  r a d i o  and t e l e v i s i o n  c i r c u i t  
boards .  Improved s o l v e n t s  and c l e a n i n g  methods do much t o  s a t i s f y  
these demands, b u t  s i n c e  economical ly  i t  i s  u s u a l l y  necessa ry  t o  d i s -  
t i l  an  o rgan ic  c l e a n i n g  s o l v e n t  a f t e r  u s e  s o  t h a t  i t  may be  re -used  i n  
subsequent  c l ean ing  o p e r a t i o n s ,  t h e r e  e x i s t s  a l s o  a need f o r  an  i n s t r u -  
ment t o  measure the  n o n v o l a t i l e  r e s i d u e  of c l e a n i n g  s o l v e n t s .  Such an 
in s t rumen t  h a s  a d d i t i o n a l  a p p l i c a t i o n s  b o t h  i n  de t e rmin ing  the  r e l a t i v e  
e f f i c i e n c y  of c l e a ~ i n g  s o l v e n t s  and i n  fo l lowing  the  p r o g r e s s  of a 
c l e a n i n g  o p e r a t i o n ,  

Th i s  r e p o r t  d e s c r i b e s  a n o n v o l a t i l e  r e s i d u e  nephelometer  developed 
The nephelometer  w i l l  meas- f o r  the NASA Marshal l  Space F l i g h t  Cen te r .1  

u r e  cont inuous ly  t h e  n o n v o l a t i l e  r e s i d u e  of c l e a n i n g  s o l v e n t s .  

P r i n c i p l e  of Operat ion 

The so lvent -and-res idue  s o l u t i o n  t o  b e  ana lyzed  i s  a e r o s o l i z e d  
w i t h  a c l e a n  dry gas  supply  i n t o  a n e a r  monosized 2 t o  3 p  a e r o s o l .  To 
t h i s  i s  added an excess of c l e a n  s o l v e n t - f r e e  a i r  t o  e v a p o r a t e  the 
s o l v e n t .  The n o n v o l a t i l e  c o n s t i t u e n t  remains a s  submicron a e r o s o l  i n  

*Now with Labora tory  Equipment Corpora t ion ,  S t .  Joseph ,  Michigan. 

'Contract No .  NAS8-20659. 



the  so lven t  vapor and a i r  mixture and i s  passed through the sens ing  
zone of a dark f i e l d  photometer. 
and time-averages the t o t a l  quant i ty  of l i g h t  s c a t t e r e d  i n  a near f o r -  
ward d i r e c t i o n  by these residue d r o p l e t s .  The photomult ipl ier  tube  
output  i s  r e l a t e d  by c a l i b r a t i o n  t o  the concentrat ion of nonvo la t i l e  
r e s i d u e  i n  the  so lvent .  

A photomult ipl ier  tube system d e t e c t s  

Instrument Design 

conference.2 Modifications have been made t o  t h i s  design t o  provide 
e a s i e r  sample handling and c a l i b r a t i o n  and t o  make poss ib l e  on-steam 
a n a l y s i s .  

An e a r l i e r  model of this  instrument was descr ibed a t  a previous 

The instrument i s  shown i n  F igu re  1. 

- 

Figure  1. Nonvolati le r e s i d u e  nephelometer 

'M. J. Salkowski and D .  Werle, Symposium on Surface Contamination, 
Gat l inburg , Tennessee, June 1964, Pergamon Yress . 
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A s  the schematic lay-out  i n  F i g u r e  2 shows, the nephelometer  
comprises  three f u n c t i o n a l  a r e a s :  (1) a e r o s o l  g e n e r a t i o n  and hand l ing ,  
(2)  photometr ic  d e t e c t i o n ,  and (3) e l e c t r o n i c  p r o c e s s i n g  of d a t a .  

Reservoir B 

on- 5 tream 
S a m p l i n g  

Figure  2 .  Schematic l ayou t  of  NVR nephelometer  

To gene ra t e  t h e  a e r o s o l ,  the  s o l v e n t  i s  pumped from the s o l v e n t  
r e s e r v o i r ,  o r  from a s o l v e n t  s t r eam,  t o  the a e r o s o l i z i n g  cups (see 
F i g u r e  3) w i t h  t h e  s o l v e n t  pumps. I n  t he  cups ,  the  s o l v e n t  i s  ae ro -  
s o l i z e d  t o  a 2 t o  3 p  a e r o s o l  w i t h  a de  V i l b i s s  n e b u l i z e r  and a d r y  gas  
s t r eam a t  5 ps ig .  To ensu re  t h a t  p r e f e r e n t i a l  s o l v e n t  evapora t ion  does 
n o t  cause  r e s i d u e  enrichment  i n  the cups ,  excess s o l v e n t  i s  f e d  t o  t h e  
cups and passed  t o  was te .  The n e b u l i z e r s  a r e  ope ra t ed  con t inuous ly  t o  
e n s u r e  the a t t a inmen t  of e q u i l i b r i u m  c o n d i t i o n s  d u r i n g  the s e q u e n t i a l  
measurement of samples. During t i m e s  when the  a e r o s o l  sample i s  n o t  
be ing  pho tomet r i ca l ly  ana lyzed ,  the  a e r o s o l  i s  passed  t o  was te .  

A l l  g a s  s u p p l i e s  t o  t h e  in s t rumen t  and a l l  s o l v e n t  l i n e s  w e r e  
f i l t e r e d  w i t h  membrane f i l t e r s  of nominal 0 . 4 5 ~  p o r e  s ize .  F i l t e r s  
w e r e  l o c a t e d  a f t e r  each p o s s i b l e  sou rce  of s o l i d  con tamina t ion ,  i . e . ,  
pumps and va lves  ups t ream of the photometer .  

A f t e r  g e n e r a t i o n  the a e r o s o l  i s  f l a s h  evapora ted  by the a d d i t i o n  
of  a s o l v e n t - f r e e  gas  t o  l e a v e  an a e r o s o l  compr is ing  d r o p l e t s  of  h i g h l y  
en r i ched  s o l u t i o n  of r e s i d u e  i n  s o l v e n t .  This a e r o s o l  s t r eam i s  p re -  
s e n t e d  t o  the photometer i n  a s h e a t h  f i l a m e n t  c o n f i g u r a t i o n  which a l lows  
f o r  open t r a n s i t i o n  of  the a e r o s o l  t u b e  i n  the viewing zone wi thou t  
caus ing  d r o p l e t  r e c i r c u l a t i o n  (see F i g u r e  4 ) .  
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2 - 3  

- Aerosol 

Liquid 
Overflow - 

F i g u r e  3 .  Aerosol  g e n e r a t o r  
a s s  emb l y  

, Aerosol Filament 

Exhaust 
Tube 

Free Air Sheath 

Light Corn 

F i g u r e  4 .  Aerosol  f i l a m e n t  
and s h e a t h  
c o n f i g u r a t i o n  

A f t e r  p a s s i n g  through t h e  photometer t h e  s h e a t h  and f i l a m e n t  a r e  
pumped t o  an exhaus t  a s  a combined s t r eam.  The exhaus t  i s  run  below 
atmospheric  p r e s s u r e  t o  ensure t h a t  t h e  a e r o s o l  s h e a t h  and f i l a m e n t  
c o n f i g u r a t i o n  i s  n o t  d i s t r i b u t e d  by s t reaming i n  the even t  of s m a l l  
l e a k s  i n  t h e  photometer housing. 

i s  produced by a c o i l  f i l a m e n t  lamp run  o f f  a feed-back s t a b i l i z e d  
power supply and is  d e f i n e d  by a series of  s l i t s ,  a s  shown i n  F i g u r e  2 .  
A m i r r o r  i n s e r t e d  i n t o  the edge of  t h e  l i g h t  cone downstream of t h e  
viewing zone r e f l e c t s  l i g h t  i n t o  a p h o t o c e l l .  The response  of t h i s  
p h o t o c e l l  i s  used t o  c o n t r o l  lamp i n t e n s i t y .  
b u l b  has  a c e n t r a l  h o l e  and f i l t e r  h o l d e r  through which l i g h t  may p a s s  
a l o n g  t h e  photometer.  
two p o s i t i o n  r o t a t a b l e  v a l v e .  
allowed t o  p a s s  d i r e c t l y  t o  t h e  p h o t o m u l t i p l i e r  t ube .  I n  t h e  o t h e r  
p o s i t i o n  t h i s  l i g h t  i s  stopped. When an a e r o s o l  i s  a s s e s s e d ,  t h i s  
p o s i t i o n  i s  s e l e c t e d .  
i z a t i o n  procedure.  

The cone of l i g h t ,  through t h e  apex of which t h e  a e r o s o l  p a s s e s ,  

The cap cove r ing  t h e  

The c e n t e r  s t o p  i n  the s l i t  system c o n t a i n s  a 
I n  one p o s i t i o n  t h e  a x i a l  l i g h t  i s  

The o t h e r  p o s i t i o n  i s  used d u r i n g  a s t a n d a r d -  

A s  components age  , p a r t i c u l a r l y  the lamp and p h o t o m u l t i p l e  t u b e ,  
changes occur  i n  t h e  amount of l i g h t  f a l l i n g  on t h e  p h o t o m u l t i p l i e r  
t u b e s  under a g iven  c o n d i t i o n  and t h e  s e n s i t i v i t y  of t h e  t u b e  t o  t h i s  
l i g h t .  Thus i t  i s  p o s s i b l e  f o r  t h e  c a l i b r a t i o n  of the ins t rumen t  t o  
d r i f t  w i t h  t i m e .  The s t a n d a r d i z a t i o n  procedure  e n s u r e s  a c o n s t a n t  
r e s p o n s e ,  s i n c e  b o t h  t h e  lamp v o l t a g e  , o r  more e a s i l y  , the p h o t o m u l t i p l e  
dynode v o l t a g e ,  can b e  a d j u s t e d  t o  g i v e  a c o n s t a n t  system oucput when 
t h e  a x i a l  l i g h t  i s  viewed. This e n s u r e s  t h a t  t h e  t o t a l  system s e n s i -  
t i v i t y  remains c o n s t a n t  and,  t h u s ,  the e x p e r i m e n t a l l y  determined c a l i -  
b r a t i o n  r e l a t i n g  system e l e c t r i c a l  o u t p u t  and s o l v e n t  contaminat ion  
c o n c e n t r a t i o n  can  be  maintained even though component c h a r a c t e r i s t i c s  
may change. 
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A chopper run a t  synchronous speed i s  l o c a t e d  immediately i n  
f ron t -o f  t h e  p h o t o m u l t i p l i e r  t ube .  
Th i s  i s  s e l e c t i v e l y  a m p l i f i e d  a t  synchronous f requency ,  r e c t i f i e d ,  and 
t i m e  averaged by u s i n g  a c a p a c i t o r  s t o r a g e  system. 

The pho tomul t ip l i e r  t u b e  o u t p u t  may be  d i s p l a y e d  i n  one of the 
fo l lowing  three ways w i t h  t h e  system a s  i i l u s E r a c e d  i n  biuck I u L l L l  LI 
F i g u r e  5 .  

Thus,  t h e  t u b e  sees an AC s i g n a l .  

photo- Amplifie - - C n u l t i p l i e r  - 

1. The pho tomul t ip l i e r  t u b e  o u t p u t  f o r  a s i n g l e  n e b u l i z e r  
cup may b e  d i sp layed  d i r e c t l y .  
f u n c t i o n .  

E i t h e r  cup may b e  used  f o r  t h i s  

2. The pho tomul t ip l i e r  t u b e  ou tpu t  f o r  b o t h  cups a r e  d i s -  
p layed  s e q u e n t i a l l y .  

measured and s t o r e d  s e q u e n t i a l l y  and t he i r  d i f f e r e n c e  d i s p l a y e d .  
3. The p h o t o m u l t i p l i e r  t u b e  ou tpu t  f o r  b o t h  cups a r e  

P r i n t e r  
S t o r a g e  and D i g i t a l  
comparison v o l t m e t e r  - 

I n  these t h r e e  methods of s i g n a l  p r e s e n t a t i o n ,  the f i r s t  two a r e  
used f o r  measuring a b s o l u t e  s o l v e n t  p u r i t y ;  the  t h i r d  method, f o r  
measuring r e l a t i v e  p u r i t i e s .  
the s o l v e n t  e n t e r i n g  the c l e a n i n g  p rocess  may b e  used  a s  the  s t a n d a r d .  
The c l e a n l i n e s s  of the s o l v e n t  l e a v i n g  the p r o c e s s  i s  compared t o  t h i s  
s t a n d a r d .  
o p e r a t i o n  t o  b e  monitored w h i l e  t h e  o t h e r  two a l low the a b s o l u t e  
c l e a n l i n e s s  of t h e  component t o  b e  monitored.  

I n  t h i s  c a s e ,  a known c l e a n  s o l v e n t  o r  

This mode of o p e r a t i o n  a l lows  the p r o g r e s s  of the c l e a n i n g  

J2 - A A 

Handling 
System 

F i g u r e  5 .  E l e c t r o n i c s  b l o c k  diagram 
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I 

Experimental  Data 

The in s t rumen t  was c a l i b r a t e d  by u s i n g  s o l u t i o n s  of o i l  i n  
t r i c h l o r o e t h y l e n e ,  t r i c h l o r o e t h a n e  , methylene c h l o r i d e  and f r e o n  114. 
F i g u r e s  6 ,  7 ,  8 and 9 shows t h e  exper imenta l  c a l i b r a t i o n  d a t a .  A 
g r a v i m e t r i c  t echn ique  was used f o r  determing o i l  c o n c e n t r a t i o n  by 
u s i n g  tempera tures  n e a r  ambient. 

It w i l l  b e  seen  t h a t  d i f f e r e n c e s  e x i s t  between n e b u l i z e r s  A and 
B a t  the h i g h e r  o i l  c o n c e n t r a t i o n s .  These a r e  due t o  d i s s i m i l a r i t i e s  
between t h e  n e b u l i z e r  e f f i c i e n c i e s  and a e r o s o l  h a n d l i n g  components. 
Two c a l i b r a t i o n  curves which a r e  r e p r o d u c i b l e  f o r  each n e b u l i z e r  sys -  
t e m  a r e  thus o b t a i n e d .  

These c a l i b r a t i o n  cu rves  shou ld  b e  used t o  conve r t  photometer 
o u t p u t  t o  r e s i d u e  c o n c e n t r a t i o n .  This i s  p a r t i c u l a r l y  impor t an t  when 
c o n c e n t r a t i o n  of one s o l v e n t  i s  measured r e l a t i v e  t o  a s t a n d a r d  i f  t h e  
s t a n d a r d  i t s e l f  h a s  a h i g h  contaminat ion level .  Should any components 
i n  one u n i t  b e  changed, t h e  c a l i b r a t i o n  curve may a l s o  change, b u t  
r e c a l i b r a t i o n  can r e a d i l y  b e  c a r r i e d  o u t  by u s i n g  t h e  known c a l i b r a t i o n  
of  t h e  o t h e r  n e b u l i z e r  system. 
b a t c h  measurement of n o n v o l a t i l e  r e s i d u e  contaminants  f o r  a p p l i c a t i o n  
t o  low t empera tu re  b o i l i n g  p o i n t  s o l v e n t s .  

Thus, t h i s  p r o v i d e s  a con t inuous  o r  
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F i g u r e  6 .  T r i c h l o r o e t h y l e n e  
c a l i b r a t i o n  

PPM NVR By Volume 
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F i g u r e  9 .  Freon c a l i b r a t i o n  
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F.  W .  OSWALT 
Manufactur ing Research D i v i s i o n  

Sandia  Labora tory  
Albuquerque , New Mexico 

A b s t r a c t  

So lven t  P u r i t y  Meters have been used  a t  Sandia  Corpora t ion  s i n c e  
May 1965 p r i m a r i l y  t o  moni tor  the n o n v o l a t i l e  r e s i d u e  c o n t e n t  of c l e a n -  
i n g  s o l v e n t s .  
seven s e p a r a t e  a p p l i c a t i o n s  by twelve  d i f f e r e n t  groups w i t h i n  the  p a s t  
y e a r .  S i x  d i f f e r e n t  s o l v e n t s  have been monitored i n  con junc t ion  w i t h  
the c l e a n i n g  of a s s o r t e d  p i e c e  p a r t s ;  hydrocarbons have been t h e  most 
common contaminants  encountered .  

Moreover, they  have been used and found v a l u a b l e  i n  

R e s u l t s  of uses t o  d a t e  show t h e  in s t rumen t  r e l i a b l y  measures the 
s o l u b l e  r e s i d u e  c o n t e n t  of v o l a t i l e  c l e a n i n g  s o l v e n t s  and g i v e s  a u se -  
f u l  i n d i r e c t  i n d e x  of c l e a n l i n e s s  t o  the  p roduc t  be ing  processed .  It 
g i v e s  an in s t an taneous  and r e p e a t a b l e  r e a d o u t  of r e s i d u e  a s  low a s  one 
p a r t  p e r  m i l l i o n  and h a s  been used e i t h e r  f o r  b a t c h  sampling o r  a s  an 
o n - l i n e  cont inuous  moni tor  f o r  r e c i r c u l a t i n g  c l e a n i n g  systems.  

D e f i n i t e  c o s t  sav ings  a r e  p o s s i b l e  through the  use of the m e t e r .  The 
u n i t s  used t o  d a t e  have been development models;  however, commercial 
v e r s i o n s  a r e  now a v a i l a b l e .  

No major  ma l func t ions  o r  o p e r a t o r  problems have been no ted .  

I n t r o d u c t i o n  

I n  March 1965 Sandia  Corpora t ion  began work on a So lven t  P u r i t y  
Meter (SPM) f o r  mon i to r ing  the  n o n v o l a t i l e  r e s i d u e  c o n t e n t  of c l e a n i n g  
s o l v e n t s .  
s o l v e n t  and ,  by u s i n g  l i g h t - s c a t t e r i n g  t e c h n i q u e s ,  measuring the non- 
v o l a t i l e  r e s i d u e  (NVR) c o n t e n t  w i t h  a photometer .  Th i s  p r i n c i p l e  had 
been d e s c r i b e d  p r e v i o u s l y  a t  the 1964 I n t e r n a t i o n a l  Symposium on S u r f a c e  
Contaminat ion1  and S a n d i a ' s  development of a p r o t o t y p e  tester was cov- 
e r e d  i n  a p r e s e n t a t i o n  a t  t h e  1966 Techn ica l  Meet ing of t h e  American 

The des ign  was based on t h e  p r i n c i p l e  of a e r o s o l i z i n g  a 

~ 

'Salkowski and Werle , Nonvo la t i l e  Residue Nephelometer. P re sen ted  
a t  the  I n t e r n a t i o n a l  Symposium on S u r f a c e  Contaminat ion,  G a t l i n b u r g ,  
Tennessee,  June 8 ,  1964. 
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Assoc ia t ion  f o r  Contamination Con t ro l .2  
expe r i ence  on the u t i l i z a t i o n  of t h e  development in s t rumen t s  a t  v a r i o u s  
s u p p l i e r s  was p re sen ted  a t  t he  1967 Techn ica l  Meeting of the American 
Assoc ia t ion  f o r  Con tamina t  ion Cont ro  1.3 

A r e p o r t  summarizing one y e a r ' s  

The o b j e c t i v e s  w e r e  t o  ma in ta in  a l o w  s e n s i t i v i t y  level of about  
one p a r t  p e r  m i l l i o n  (ppm), t o  p rov ide  i n s t a n t a n e o u s  and r e p e a t a b l e  
r e a d o u t ,  and t o  do t h i s  i n  a s imple - to -ope ra t e  manner so t h a t  produc- 
t i o n  p e r s o n n e l  could  u s e  t h e  in s t rumen t .  

D e s c r i p t i o n  of Equipment 

I n  May 1965 a development model (see F i g u r e  1) was p u t  i n t o  
o p e r a t i o n  a t  a s u p p l i e r  f a c i l i t y .  
p o r t i o n  of t h e  f i g u r e ,  and tlie a e r o s o l i z i n g  and so lven t -hand l ing  appa- 
r a t u s  i n  the lower p a r t .  The photometer r e q u i r e s  115 v o l t s  AC a t  5 
amperes,  and t h e  a e r o s o l i z i n g  equipment r e q u i r e s  approximate ly  2 c u b i c  
f e e t  p e r  minute  (cfm) of b u i l d i n g  a i r  o r  d ry  n i t r o g e n .  
a b s o l u t e  f i l t e r  c l e a n s  t h e  a i r  o r  n i t r o g e n  b e f o r e  u s e .  

As shown s c h e m a t i c a l l y  i n  F i g u r e  2 ,  t h e  s o l v e n t  i s  in t roduced  
i n t o  t h e  n e b u l i z e r  ( a tomize r )  by u s e  of a 50 c c  s y r i n g e  and a two-way 
check  v a l v e .  The s o l v e n t  i s  then  atomized and passed i n t o  the d r i e r ,  
where 2 cfm of  c l e a n  a i r  o r  n i t r o g e n  i s  added. The d r i e r  o u t p u t  i s  
sampled by t h e  forward-light-scattering photometer .  The l o g a r i t h m i c  
c h a r a c t e r i s t i c  of the photometer r eadou t  i s  i d e a l l y  s u i t e d  t o  s o l v e n t  
p u r i t y  t e s t i n g ,  s i n c e  the r ead ings  of g r e a t e s t  i n t e r e s t  a r e  a t  the  l o w  
end of t h e  s c a l e .  

The photometer4 i s  i n  t h e  upper  

An i n - l i n e  

Any of t h r e e  methods may be used t o  supply  s o l v e n t  t o  the system. 
The s o l v e n t  may be  poured i n t o  t h e  s y r i n g e  from a beaker  o r  s i m i l a r  
s m a l l  c o n t a i n e r ,  i t  may be hand-pumped from a drum o r  t a n k  by u s e  of  
t h e  s y r i n g e ,  o r  i t  may be  c o n t i n u a l l y  f o r c e d  through t h e  system. C a l i -  
b r a t i o n  i s  accomplished by adding known amounts of a s o l u b l e  contami- 
n a n t ,  such a s  hydrocarbons or s o l d e r  f l u x ,  t o  a reagent -grade  s o l v e n t  
and n o t i n g  the photometer r ead ings  i n  ppm f o r  t h e  g iven  amounts of 
contaminant .  A t y p i c a l  c a l i b r a t i o n  c u r v e  i s  shown i n  F i g u r e  3; t h e  
a b s c i s s a  deno tes  t h e  photometer r ead ing ,and  the o r d i n a t e  r e p r e s e n t s  
t h e  NVR c o n t e n t  i n  ppm. Concent ra t ions  g r e a t e r  t han  100 ppm a r e  d i l u t e d  
w i t h  c l e a n  s o l v e n t  so  t h a t  on-curve r e a d i n g s  may be  ob ta ined .  

LR. C .  Marsh, C l e a n l i n e s s  Meter and I ts  App l i ca t ion  t o  S o l v e n t  
Cleaning .  P resen ted  - a t  t h e  1966 T e c h n i c a l  Meet ing of t h e  American 
A s s o c i a t i o n  f o r  Contaminat ion C o n t r o l  a t  Houston, Texas.  

%'. W. Oswalt ,  One Year ' s  Exper ience  w i t h  t h e  So lven t  P u r i t y  
Meter. P resen ted  a t  t h e  196/ T e c h n i c a l  Meeting ok the American 
A s s o c i a t i o n  f o r  Contaminat ion C o n t r o l  a t  Washington, D.  C .  

'Aerosol Dust and Smoke Photometer , Model JM2000, Phoenix 
P r e c i s i o n  Ins t rument  Company, P h i l a d e l p h i a ,  Pennsylvania .  
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Figure 1. Development model of solvent 
purity meter 

Figure 2. Flow schematic of SPM 
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CHLOROFORM CURVE 

F i g u r e  3 .  

T y p i c a l  c a l i b r a t i o n  
c u r v e  

1 2 3 4 5 

PHOTOMmR READING 

The SPM h a s  been used a t  Sandia  Corpora t ion  t o  moni tor  t r i c h l o r o -  
e t h y l e n e  , t r i c h l o r o t r i f  l uo roe thane  (TI?), i s o p r o p y l  a l c o h o l  , de ion ized  
w a t e r ,  ch loroform,  and trichlorotrifluoroethane-methylene c h l o r i d e .  
P a r t s  c l eaned  i n c l u d e  s m a l l  w a t c h  p a r t s ,  machined components, e l e c t r o -  
mechanica l  subassembl i e s ,  h igh -p res su re  system p a r t s ,  vacuum system p a r t s ,  
p r i n t e d  c i r c u i t  boa rds  , o p t i c a l  a s sembl i e s  , and ae rospace  components. 

A p p l i c a t i o n s  of t h e  SPM i n  c l e a n i n g  p r o c e s s e s  a r e  a s  fo l lows .  

V e r i f i c a t i o n  of P u r i t y  of New Solvent  

V e r i f i c a t i o n  of t h e  p u r i t y  of new s o l v e n t s  ( a s  r e c e i v e d )  h a s  
o f t e n  been n e g l e c t e d  because  of t h e  p r o c e s s i n g  t i m e  i nvo lved .  A t  
Sand ia ,  the SPM i s  be ing  used t o  moni tor  t h e  p u r i t y  of the s o l v e n t  by 
t a k i n g  a sample d i r e c t l y  from t h e  s h i p p i n g  c o n t a i n e r .  The s o l v e n t  i s  
hand-pumped w i t h  t h e  s y r i n g e ,  wi th  only  t h e  sample hose  i n  the con- 
t a i n e r ,  t h u s  e l i m i n a t i n g  p o s s i b l e  s o u r c e s  of contaminat ion  such a s  
beake r s  and pour ing .  Thus f a r ,  there h a s  been no r e p o r t e d  i n s t a n c e  of 
h i g h  contaminat ion  i n  a new s o l v e n t ;  however, t h i s  does n o t  minimize 
the need f o r  moni tor ing .  
cons ide red  w e l l  s p e n t .  

The one minute  r e q u i r e d  t o  make the tes t  i s  

V e r i f i c a t i o n  of P u r i t y  of R e d i s t i l l e d  S o l v e n t  

mon i to r  the d i s t i l l a t e  i n  r e d i s t i l l a t i o n  p r o c e s s e s ,  bo th  t h o s e  i n c o r -  
p o r a t e d  i n t o  u l t r a s o n i c  c l e a n i n g  systems and t h o s e  t h a t  a r e  high-volume 
s t i l l s .  Not on ly  does cont inuous mon i to r ing  v e r i f y  p u r i t y  a t  any g iven  
t i m e ,  b u t  t h e  SPM i s  a very  u s e f u l  t o o l  f o r  e v a l u a t i n g  t h e  c a p a b i l i t y  
of the d i s t i l l a t i o n  p r o c e s s  when extreme loads  of contaminants  a r e  
p r e s e n t  i n  t h e  b o i l i n g  sump. 

C l o s e l y  r e l a t e d  t o  t h e  above a p p l i c a t i o n  i s  u s e  of the SPM t o  
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Determina t ion  of P a r t  C l e a n l i n e s s  

P a r t  c l e a n l i n e s s  de t e rmina t ion  i s  ano the r  a r e a  i n  which much work 
h a s  been done, and y e t  no g e n e r a l l y  a c c e p t a b l e  method i s  e x i s t e n t .  The 
SPM i s  n o t  the answer t o  t h i s  problem; however, i t  does have an  a p p l i -  
c a t i o n  i n  t h i s  a rea  and i s  s o  used .  Moni tor ing  i s  done a t  the  f i n a l  
c l e a n i n g  s t a g e  of s m a l l  p a r t s  t h a t  a r e  beake r  c l eaned .  The p u r i t y  of 
the s o l v e n t  i n  t h e  beaker  i s  monitored b e f o r e  c l e a n i n g ;  a f t e r  c l e a n i n g ,  
the  s o l v e n t  i s  aga in  monitored.  I f  there i s  an  i n c r e a s e  i n  contamina- 
t i o n  i n  the s o l v e n t ,  i t  i s  known t h a t  the  p a r t  cannot  b e  c l e a n ,  s i n c e  
there w i l l  b e  d i s so lved  contaminants  i n  the s o l v e n t  adhe r ing  t o  the 
p a r t  a f t e r  i t  i s  removed from the beake r ,  and these contaminants  w i l l  
remain on the p a r t  a f t e r  the  s o l v e n t  d r i e s .  I n  c a s e s  where there i s  
no contaminant  i n c r e a s e  a f t e r  c l e a n i n g ,  one can on ly  assume e i the r  t h a t  
t h e  p a r t  i s  c l e a n  o r  t h a t  there i s  a contaminant  on the p a r t  t h a t  t h i s  
c l e a n i n g  s t a g e  w i l l  n o t  remove. 

Development of Cleaning Processes  

The SPM i s  b e i n g  used t o  develop c l e a n i n g  p r o c e s s e s  on the  same 
p r i n c i p l e  a s  d i scussed  i n  the p reced ing  paragraph .  A number of l i k e  
p a r t s  a r e  c leaned  u n t i l  no contaminant  i s  be ing  removed. These p a r t s  
a r e  then  dipped i n  a d i l u t e d  mix tu re  of s o l v e n t  and the most l i k e l y  
contaminant ,  and a r e  then  baked. They can  now b e  used  t o  de te rmine  
the r e l a t i v e  e f f e c t i v e n e s s - - i n  t e r m s  of equipment,  t i m e ,  and s o l v e n t s  
requi red- -of  va r ious  c l e a n i n g  p r o c e s s e s .  

Educa t iona l  Tool 

Perhaps one of the most unde r - r a t ed  a p p l i c a t i o n s  of the  SPM i s  a s  
an e d u c a t i o n a l  t o o l  f o r  p roduc t ion  workers .  People  become much more 
aware of the need f o r  and the v a l i d i t y  of  recommended contaminat ion  
c o n t r o l  p r a c t i c e s  when the e f f e c t s  of u s i n g  an unc lean  b e a k e r ,  p l a c i n g  
a f i n g e r  i n  the s o l v e n t ,  and s i m i l a r  p r a c t i c e s  a r e  i l l u s t r a t e d .  

Troubleshoot ing  of Cleaning  P rocesses  

Another a p p l i c a t i o n  i s  t r o u b l e s h o o t i n g  of c l e a n i n g  p r o c e s s e s .  
I n  a t y p i c a l  example, a p l a n t  used a c e n t r a l  s o l v e n t  supply  t o  pump 
s o l v e n t s  t o  a l l  c l e a n i n g  s t a t i o n s  from t h i s  s i n g l e  sou rce ;  the SPM was 
be ing  used  t o  v e r i f y  s o l v e n t  p u r i t y  a t  the c l e a n i n g  s t a t i o n s .  
a s i g n i f i c a n t  dec rease  i n  s o l v e n t  p u r i t y  was noted  a t  a l l  c l e a n i n g  s t a -  
t i o n s .  A check of  the s o l v e n t  i n  the c e n t r a l  s t o r a g e  t anks  showed t h a t  
the NVR a t  t h i s  p o i n t  was w e l l  w i t h i n  a l l o w a b l e  l i m i t s .  Downstream 
from the pump i n  t h e  system was a f i l t e r  t o  remove p a r t i c u l a t e  contam- 
i n a t i o n .  It was found t h a t  the  rep lacement  of t h i s  f i l t e r  had j u s t  
been completed a t  the t i m e  s o l v e n t  contaminat ion  was f i r s t  no ted .  Fur -  
ther tes t s  and subsequent  c o n t a c t  w i t h  the  f i l t e r  manufac turer  i n d i c a t e d  
t h a t  a contaminant ,  p o s s i b l e  uncured epoxy, was b e i n g  d i s s o l v e d  from the 
new f i l t e r  by t h e  s o l v e n t .  

Suddenly,  
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Determina t ion  of Acceptable  Rate of C lean ing  

The u s e  of c l e a n i n g  systems w i t h  b u i l t - i n  r e d i s t i l l a t i o n  h a s  
r a i s e d  t h e  q u e s t i o n  of what c l ean ing  r a t e  can be  main ta ined  wi thou t  a 
bu i ld-up  of NVR i n  t h e  c l ean ing  tank .  
l i s h i n g  the q u a n t i t i e s  of p a r t s  t h a t  may b e  c l eaned  i n  a g iven  t i m e .  

The SPM h a s  been used i n  e s t a b -  

a 

Maintenance 

Maintenance of t h e  in s t rumen t s  t h u s  f a r  h a s  been l i m i t e d  t o  
replacement  of broken g lassware  on two occas ions ,  r e p a i r  of minor l e a k s  
i n  a i r - h a n d l i n g  l i n e s  i n  one c a s e ,  and ad jus tment  of t h e  photometer.  
It appears  t h a t  maintenance i s  n o t  a major  problem. 

Eva lua  t i o n  

It i s  w e l l  t o  emphasize t h a t  t h e  SEW is  s e n s i t i v e  only  t o  s o l u a b l e  
contaminants  and i s  n o t  capable  of coun t ing  p a r t i c u l a t e  m a t t e r  suspended 
i n  s o l v e n t s .  A cross-check  was made w i t h  t h r e e  d i f f e r e n t  m e t e r s  and 
three d i f f e r e n t  o p e r a t o r s  t o  assay t h e  e f f e c t s  of s i m i l a r  i t e m s  of 
equipment and the human f a c t o r  a s p e c t s .  Four  of t h e  more c m o n  so l -  
v e n t s  w e r e  used i n  each m e t e r .  
e ach  s o l v e n t  used i n  each  ins t rument .  F i g u r e  4 shows t h e  t h r e e  cu rves  
of one of the s o l v e n t s  p l o t t e d  on a s i n g l e  graph;  a s  can b e  s e e n ,  there 
i s  some d i f f e r e n c e  i n  the curves .  However, when an unknown amount of 
contaminant  was added t o  a reagent -grade  s o l v e n t  and t h i s  s o l v e n t  was 
t e s t e d  i n  the three ins t rumen t s ,  the NVR r e a d o u t s  i n  ppm were found t o  
b e  n e a r l y  i d e n t i c a l .  The re fo re ,  i t  i s  thought  t h a t  no s i g n i f i c a n t  
equipment o r  o p e r a t o r  e r r o r  e x i s t s .  

C a l i b r a t i o n  cu rves  w e r e  p repared  f o r  

,#1 MmRO 

R im - 

'I I I I 1 I I 

1 2 3 4 5 
PHOTOMmR READIN 

OIL 

F i g u r e  4 .  
Comparison cu rves  f o r  
3 SPM'S 
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The results obtained from t h i s  method of determining the NVR i n  
so lven t s  have been compared t o  r e s u l t s  obtained w i t h  procedures i n  
ASTM Standard No. D1353-64. The c o r r e l a t i o n  between r e s u l t s  shows 
t h a t  the SPM method i s  accu ra t e  wi th in  the l i m i t s  of labora tory  
requirements. 

There h a s  been a quest ion a s  t o  v a r i a t i o n  i n  the  curves when 
d i f f e r e n t  contaminants a r e  p re sen t  i n  a so lvent .  Tests using TF a s  
the s o l v e n t ,  w i t h  l ight-weight l u b r i c a t i n g  o i l ,  so lde r  f l u x ,  and a 
combination of the two a s  the contaminant, r e s u l t e d  i n  curves t h a t  
va r i ed  s l i g h t l y  from one another .  
concern; however, i t  i s  suggested t h a t  the contaminant most l i k e l y  t o  
b e  encountered in  p r a c t i c e  be  used i n  c a l i b r a t i o n .  

These v a r i a t i o n s  a r e  no cause f o r  

Looking Forward 

Because of the i n t e n s e  i n t e r e s t  i n  t h e  development models exhib- 
i t e d  by Sandia s u p p l i e r s ,  NASA groups, AEC i n t e g r a t e d  c o n t r a c t o r s ,  and 
the aerospace indus t ry ,  Sandia recognized t h a t  t h e  next  s t e p  should be 
t o  e s t a b l i s h  commercial s u p p l i e r s  f o r  the instrument.  

A t  the  present  t i m e ,  SPM's a r e  a v a i l a b l e  from two commercial sup- 
p l i e r s .  A t h i r d  f i r m  has  exhib i ted  i n t e r e s t  i n  marketing the i n s t r u -  
ment, bu t  t o  da t e  has  no t  done so.  
merc i a l ly  a v a i l a b l e  instrument using equipment nea r ly  i d e n t i c a l  t o  t h a t  
i n  the development models. 

F igu re  5 i s  a p i c t u r e  of a com- 

F igure  5 .  Commercial vers ion  
of SPM 



I -  

It i s  e a s i l y  noted t h a t  i n s t r u m e n t s  manufactured by a company 
w i t h  packaging knowledge and expe r i ence  have a m u c h  more p r o f e s s i o n a l  
appearance.  
i n s t r u m e n t ;  i n  t h i s  c a s e ,  the manufacturer  designed and f a b r i c a t e d  h i s  
own f o r w a r d - l i g h t - s c a t t e r i n g  photometer. I n  b o t h  i n s t r u m e n t s ,  t h e  
c a p a b i l i t y  of u s i n g  t h e  photometer t o  l e a k  t e s t  High E f f i c i e n c y  P a r t i c -  
u l a t e  Aerosol  (HEPA) f i l t e r s  i s  r e t a i n e d .  

F i g u r e  6 i s  a p i c t u r e  of  ano the r  commercially a v a i l a b l e  

F i g u r e  6. 
Commercial v e r s i o n  
of SPM 

There h a s  been some d i s c u s s i o n  of a combination m e t e r  t h a t  can b e  
used t o  de te rmine  NVR and a l s o  t o  coun t  l i q u i d - b o r n e - p a r t i c l e s ;  s i n c e  
c l e a n i n g  p r o c e s s e s  a r e  becoming more e x a c t ,  a d e v i c e  such a s  th i s  may 
appear  i n  the future .  Although the s o l v e n t  s u p p l i e r s  have n o t  a s  y e t  
used  the i n s t r u m e n t  a s  a product ion  m o n i t o r ,  it i s  b e l i e v e d  t h a t  th i s  
a p p l i c a t i o n  i s  imminent. Some thought  h a s  been g i v e n  t o  i n c r e a s i n g  the 
s e n s i t i v i t y  by improving t h e  photometer;  however, no demand f o r  g r e a t e r  
s e n s i t i v i t y  h a s  a r i s e n ,  and thus  no e f f o r t s  have been expended i n  t h i s  
d i r e c t i o n .  

C o n c l s i o n s  

The Sandia e x p e r i e n c e  wi th  t h e  SPM h a s  shown it t o  b e  a v a l u a b l e  
t o o l  f o r  use a t  f a c i l i t i e s  performing p r e c i s i o n  c l e a n i n g .  S o l v e n t s  
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c u r r e n t 1  b e i n g  monitored w i t h  t h e  SPM a r e  (1) trichlorotrifluoroethane, 

(5) chloroform and (6)  trichlorotrifluoroethane-methylene c h l o r i d e .  
The a p p l i c a t i o n s  i n v e s t i g a t e d  w i t h  t h e  SF’M a r e  (1) v e r i f i c a t i o n  of new 
s o l v e n t  p u r i t y ,  ( 2 )  v e r i f i c a t i o n  of r e d e s t i l l e d  s o l v e n t  p u r i t y ,  ( 3 )  p a r t  
c l e a n l i n e s s  d e t e r m i n a t i o n ,  ( 4 )  develop c l e a n i n g  p r o c e s s ,  (5) e d u c a t i o n a l  
t o o l  and (6)  t r o u b l e s h o o t i n g  c l e a n i n g  p r o c e s s e s .  

The in s t rumen t  h a s  proven t o  b e  a v a l i d ,  r e l i a b l e ,  and r e p e a t a b l e  
d e v i c e  f o r  measuring i n s t a n t a n e o u s l y  t h e  n o n v o l a t i l e  r e s i d u e  c o n t e n t  i n  
v o l a t i l e  c l e a n i n g  s o l v e n t s .  Th i s  measurement h a s  been a u s e f u l  i n d i r e c t  
i n d e x  of the c l e a n l i n e s s  of the product  b e i n g  p rocessed .  

( 2 )  t r i c  K l o r o e t h y l e n e ,  ( 3 )  i s o p r o p y l  a l c o h o l ,  ( 4 )  d e i o n i z e d  w a t e r ,  
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Many components used i n  r o c k e t  p r o p u l s i o n  systems and s p a c e c r a f t  
a r e  s u b j e c t  t o  ma l func t ion  o r  subnormal performance i f  excessive con- 
t amina t ion  exists w i t h i n  the system, o r  i f  the p u r i t y  of the f l u i d  i s  
below a c e r t a i n  va lue .  Because of the h i g h  r e l i a b i l i t y  r e q u i r e d  i n  
the f u n c t i o n i n g  of these components, contaminat ion  c o n t r o l  p l a y s  a 
v e r y  impor tan t  p a r t  i n  the s u c c e s s f u l  performance of r o c k e t  p r o p e l l e d  
b o o s t e r s  and s p a c e c r a f t .  

Th i s  paper  p r e s e n t s  the r e s u l t s  of a NASA-sponsored scudy,  com- 
p l e t e d  i n  A p r i l  1966, in tended  t o  p r o v i d e  a b a s i s  f o r  p o s s i b l e  e v e n t u a l  
u s e  of au tomat ic  contaminat ion  s e n s o r s  and mon i to r s  c a p a b l e  of be ing  
i n s t a l l e d  i n  a f l u i d  system, and of remote ly  i n d i c a t i n g  p a r t i c l e -  
contaminat ion  coun t ,  amount of m o i s t u r e  p r e s e n t ,  p u r i t y  of t h e  f l u i d ,  
o r  some combinat ion of these. Some in fo rma t ion  concern ing  mechanica l  
sampling i s  a l s o  inc luded .  

hydrogen,  l i q u i d  n i t r o g e n ,  helium, gaseous  oxygen, gaseous hydrogen, 
gaseous  n i t r o g e n ,  RP-1,  50/50 hydraz ine /unsymmetr ica l  dimethylhydra-  
z i n e ,  monomethyl hydraz ine ,  and n i t r o g e n  t e t r o x i d e .  

A c e r t a i n  ambigui ty  i s  a s s o c i a t e d  with the te rms  sampling and 
mon i to r ing .  A s  used i n  t h i s  paper  sampling i s  d e f i n e d  a s  withdrawing 
a volume of f l u i d ,  o r  of some c o n s t i t u e n t  o f  the f l u i d ,  i n c l u d i n g  
p a r t i c l e s ,  from the main f l u i d  s t r eam,  and t r a n s p o r t i n g  i t  t o  a n o t h e r  
l o c a t i o n  f o r  a n a l y s i s .  Monitor ing i s  d e f i n e d  a s  a t t a c h i n g  t o  the main 
f l u i d  s t r eam a d e v i c e  c a p a b l e  of measuring and r e p o r t i n g  the v a r i a t i o n  
of a s i g n i f i c a n t  parameter  of t h e  f l u i d  a s  a f u n c t i o n  of t i m e .  

a l s o  r e q u i r e  d e f i n i t i o n .  P u r i t y  refers t o  t h e  c o n c e n t r a t i o n  of the 
d e s i r a b l e  c o n s t i t u e n t  i n  t h e  f l u i d ,  e.g., 99.6% oxygen. Impur i ty  r e f e r s  
t o  the c o n c e n t r a t i o n  of u n d e s i r a b l e  c o n s t i t u e n t s  i n  the f l u i d ,  e .g . ,  
0.1% n i t r o g e n  i n  l i q u i d  oxygen. Assay r e f e r s  t o  the p r o p o r t i o n  of 
d e s i r a b l e  c o n s t i t u e n t s  i n  a mix tu re ,  e.g., 50% h y d r a z i n e  - 50% UDMH. 
P a r t i c u l a t e  contaminat ion  refers t o  p a r t i c l e s  i n  the f l u i d  t h a t  a r e  
s o l i d  a t  normal room temperature .  

The f l u i d s  d i scussed  i n  th i s  pape r  a r e  l i q u i d  oxygen, l i q u i d  

The terms p u r i t y ,  impur i ty ,  a s s a y ,  and p a r t i c u l a t e  contaminat ion  
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During the s tudy  program a survey  was made of the launch ,  s t a t i c  
tes t ,  and aerospace  company f a c i l i t i e s  i n  the  United S t a t e s  where the 
f l u i d s  of  i n t e r e s t  t o  the  s tudy  were u t i l i z e d .  The in fo rma t ion  ob ta ined  
inc luded  sampling p rocedures ,  sampling equipment,  f l u i d  c r i t e r i a ,  and 
au tomat ic  moni tor ing  equipment.  Manufac turers  of i n s t r u m e n t a t i o n  and 
sampling equipment were a l s o  c o n t a c t e d  t o  o b t a i n  in fo rma t ion  concern ing  
the i n s t r u m e n t a t i o n  and sampling equipment r e a d i l y  a v a i l a b l e ,  p o s s i b l e  
m o d i f i c a t i o n s  t o  e x i s t i n g  equipment,  and c o n c e p t u a l  i d e a s  whlch m i g h t  
form the b a s i s  f o r  development of i n s t r u m e n t a t i o n  t o  measure parameters  
n o t  c a p a b l e  of measurement w i t h  p r e s e n t l y  a v a i l a b l e  equipment.  

Mechanical  Sampling Devices f o r  P u r i t y  Parameters  

Mechanical  sampling f o r  p u r i t y  parameters  ( a s  d i s t i n g u i s h e d  from 
p a r t i c u l a t e  s a m p 1 i n g ) c a n n o t p r a c t i c a b l y  b e  improved upon f o r  t he  major-  
i t y  of the f l u i d s .  E x i s t i n g  d e v i c e s ,  such a s  the Cosmodyne Cryogenic  
Sampler f o r  the cryogenic  l i q u i d s ,  the  double  va lved  s t a i n l e s s  s tee l  
p r e s s u r e  bomb f o r  t h e  g a s e s  and the s t o r a b l e  p r o p e l l a n t s  ( n i t r o g e n  
t e t r o x i d e  and t h e  hydraz ine- type  f u e l s ) ,  and a s imple  g l a s s  b o t t l e  w i t h  
screw-on b a k e l i t e  cap  and c o n i c a l  po lye thy lene  s e a l  f o r  RP-1, a r e  q u i t e  
s a t i s f a c t o r y .  Although some minor improvements a r e  p o s s i b l e ,  no s i g -  
n i f i c a n t  changes t o  e x i s t i n g  equipment a r e  recommended. 

Mechanical  Sampling f o r  P a r t i c u l a t e  Contaminat ion 

by one of two g e n e r a l  p rocedures .  The f i r s t  i s  t o  t a k e  a f l u i d  sample 
i n  a c o n t a i n e r ,  f i l t e r  th i s  sample through a membrane t h a t  h a s  a count -  
i n g  g r i d  impr in ted  on i t ,  and r i n s e  t h e  membrane and t r a n s f e r  i t  t o  a 
microscope s t a g e  f o r  coun t ing .  The second i s  t o  t a k e  a p a r t i c l e  sample 
from the f l u i d  d i r e c t l y  on the coun t ing  s u r f a c e ,  which i s  e v a l u a t i o n -  
r i n s e d  o r  precounted b e f o r e  assembly, t r a n s p o r t e d  t o  the sampling s i t e ,  
connected t o  t h e  sampling p o i n t ,  d i sconnec ted  from the sampling p o i n t ,  
and t r a n s p o r t e d  back t o  the l a b o r a t o r y  ( i n  most i n s t a n c e s  i n  uncon- 
t r o l l e d  o r i e n t a t i o n  w i t h  r e s p e c t  t o  t h e  v e r t i c a l ) .  I n  the  l a b o r a t o r y ,  
the  sampling dev ice  i s  d isassembled ,  and the  membrane i s  t r a n s f e r r e d  t o  
the microscope s t a g e  f o r  coun t ing .  The most s i g n i f i c a n t  problem t h a t  
accompanies these o p e r a t i o n s  i s  the f a c t  t h a t  p a r t i c l e  g e n e r a t i o n  can  
occur  i n  so  many ways. P a r t i c l e s  a r e  gene ra t ed  o r  t r a n s f e r r e d  each  
t i m e  two s u r f a c e s  touch ,  by mechanica l  and chemica l  a t t r i t i o n  of the  
s u r f a c e s  ( a b r a s i o n ,  c o r r o s i o n ) ,  by e l e c t r o s t a t i c  a t t r a c t i o n ,  and by 
cohes ion  o r  adhesion.  P a r t i c l e s  a r e  borne  by a i r  c u r r e n t s  and by 
Brownian movement, and t r a n s f e r r e d  by condensa t ion .  I n  f a c t ,  many 
n a t u r a l l y  occur r ing  p h y s i c a l  and chemica l  changes a r e  a t t e n d e d  by 
p a r t i c l e  gene ra t ion  o r  t r a n s f e r .  

Thus,  the most d i f f i c u l t  p a r t  of p a r t i c l e  sampling i s  n o t  the 
s e n s i t i v i t y  of the d e t e c t i o n  and s i z i n g  method, b u t  r a t h e r  the  e x c l u s i o n  
from the  count ing  s u r f a c e  of p a r t i c l e s  t h a t  w e r e  never  i n  the opera-  
t i o n a l  f l u i d  stream. These occur  on the coun t ing  s u r f a c e  b e f o r e  samp- 
l i n g  and on t h e  f low-con tac t ing  s u r f a c e s  of  the sampling-point  con- 
n e c t i o n s  and of the sampling t o o l .  They a r e  a c c i d e n t a l l y  t r a n s f e r r e d  
t o  the count ing  s u r f a c e  d u r i n g  i n s t a l l a t i o n  of  the  coun t ing  s u r f a c e  
i n t o  the sampling t o o l ,  d u r i n g  i t s  removal from the t o o l  and d u r i n g  
coun t ing .  They a r e  gene ra t ed  by a b r a s i o n  of  mechanica l  components 

I n  g e n e r a l ,  sampling f o r  p a r t i c u l a t e  contaminat ion  i s  accomplished 
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d u r i n g  i n s t a l l a t i o n  and removal of  the c o u n t i n g  s u r f a c e  and t h e  sampling 
t o o l .  They a r e  t r a n s f e r r e d  from the f low-con tac t ing  s u r f a c e s  of sam- 
p l i n g  and sample - t r ans fe r  equipment i n  t h o s e  c a s e s  where the f l u i d  i s  
r e t u r n e d  t o  the l a b o r a t o r y  f o r  f i l t r a t i o n  and coun t ing .  They a r e  t r a n s -  
f e r r e d  from a d j a c e n t  s u r f a c e s ,  from the atmosphere,  and from p e r s o n n e l  
d u r i n g  a l l  t i m e s  t h a t  the sampled f l u i d  o r  the coun t ing  s u r f a c e  i s  
exposed. 

s o l i d s  d e t e r m i n a t i o n s ,  b u t  t h e y  f r e q u e n t l y  produce a s e r i o u s  e f f e c t  on 
p a r t i c l e  size and count  de t e rmina t ions .  

I n  view of t h i s ,  exposure of t h e  sampled p a r t i c u l a t e  m a t t e r  t o  
envi ronmenta l  c o n t r i b u t i o n s  should b e  minimized by f i l t e r i n g  f o r  
p a r t i c l e - c o u n t  c r i t e r i a  a t  the  sampling s i te ;  by p recoun t ing  the mem- 
b r a n e  a f t e r  the sampling t o o l  i s  connected t o  the sampling p o i n t  and 
an i n i t i a l  o p e r a t i o n a l  f l u i d  f low h a s  occur red  through it; by sampling 
the f low and coun t ing  p a r t i c l e s  w i thou t  d i s t u r b i n g  o r  t r a n s p o r t i n g  the 
sampling d e v i c e  between t h e s e  o p e r a t i o n s ;  and by t a k i n g  o t h e r  a l l i e d  
p r e c a u t i o n s  t h a t  would minimize the c o n t r i b u t i o n  t o  the sample from 
s o u r c e s  o t h e r  t han  t h e  o p e r a t i o n a l  f l u i d .  The d e v i c e  proposed t o  
accomplish t h i s  i s  the i n - l i n e  f i l t e r  h o l d e r  and coun te r  ( ILFHC).  

F i g u r e s  1 through 5 show a h i g h - p r e s s u r e  c o n f i g u r a t i o n  of the 
IWHC and a c c e s s o r i e s  designed f o r  maximum p o r t a b i l i t y ,  ruggedness ,  
and e f f e c t i v e  containment  of h igh  p r e s s u r e ,  t o x i c ,  r e a c t i v e  o r  c ryo-  
g e n i c  o p e r a t i o n a l  f l u i d s .  

F i g u r e s  1 and 2 show the f i l t e r  h o l d i n g  and coun t ing  chamber, 
i n c l u d i n g  the arrangement  of t h e  m e t a l l i c  membrane and s u p p o r t  s c r e e n ,  
t h e  b e l l e v i l l e  s p r i n g  s e a l ,  t h e  s p r i n g  loaded b a l l  b e a r i n g ,  o p t i c a l  
window and i n l e t  t u b e ,  s t rongback  s u p p o r t s  , and c i r c u m f e r e n t i a l  clamp. 

These c o n t r i b u t i o n s  do no t  s e r i o u s l y  a f f e c t  t o t a l - f i l t e r a b l e -  

Inlet  Tube 

Clearance as Necessary Support Bushings 
to Accmodate Cryogenic 
Refrigeration Dewar 

Utcroscope Radial 

Rotation Worm Crank 

F i g u r e  . High-pressure  ILFHC pos i t i oneG above microscope 

_ _ _ _ _ _ ~  ~~ 

. x t u r e  
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I n l e t  Tube Optical 
Window Sea l  Nuts 

pressure support f o r  
Optical Window 

Microscope Travelling 
way (Upper-Half Lock) 

o p t i c a l  Window 

Rotation Pinion Ring-Gear 

circumferential Meta l l i c  Membrane 
clamp 

F i g u r e  2 .  High-pressure  IWHC chamber 

For  ambient l i q u i d s  o r  gases  , t h e  c i r c u m f e r e n t i a l  clamp i s  t i g h t -  
ened p r i o r  t o  purge-flow and p r i o r  t o  sample-flow. 
kni fe -edge  of t h e  b e l l e v i l l e  s p r i n g  t o  s e a l  a g a i n s t  t h e  nonporous c i r -  
c u m f e r e n t i a l  zone of t h e  m e t a l l i c  nwmbrane. The s t rongback  s u p p o r t s  
a r e  p l aced  a g a i n s t  the o p t i c a l  window and f o r c e  i s  a p p l i e d  t o  t h e m  by 
means of t h e  s t rongback  clamps u n t i l  t hey  bottom o u t ,  m e t a l  t o  m e t a l ,  
on t h e  i n l e t  t ube  o p t i c a l  window upper  s e a l  n u t .  
s u p p o r t s  a p p l i e d  t o  t h e  window i s  a r e s i l i e n t  p l a s t i c .  

zone of t h e  m e t a l l i c  membrane from t h e  c o n c e n t r i c a l l y  p o s i t i o n e d  i n l e t -  
t u b e  o u t l e t .  

s u p p o r t s  a r e  removed and the c i r c u m f e r e n t i a l  clamp i s  loosened.  
a l l o w s t h e s p r i n g - l o a d e d  b a l l  b e a r i n g s  t o  l i f t  the upper  chamber h a l f  
u n t i l  t h e  kni fe -edge  s e a l  of the b e l l e v i l l e  s p r i n g  j u s t  touches  the 
membrane, w i t h  minimum f r i c t i o n ,  s o  t h a t  t h e  lower chamber h a l f  can  
r o t a t e  w i th  r e s p e c t  t o  t h e  upper .  

T h i s  r o t a t i o n  i s  e f f e c t e d  by t h e  r o t a t i o n  worm c r a n k ,  shown a s  
a p o r t i o n  of t h e  microscope f i x t u r e ,  which engages the r i n g  g e a r  (an  
i n s e t  p in ion - s tock  g e a r )  j u s t  ou tboard  of the sp r ing - loaded  b a l l  b e a r -  
i n g  s o c k e t s .  The microscope r a d i a l  t r a v e r s i n g  worm g e a r  moves the 
microscope and i t s  f o c u s i n g  mechanism r a d i a l l y  w i t h  r e s p e c t  t o  the 
membrane and chamber s o  t h a t  c o n t r o l l e d  r e l a t i v e  movement between the 
microscopic  f i e l d  and f i l t r a t i o n  s u r f a c e  i s  e s t a b l i s h e d  i n  p o l a r  co- 
o r d i n a t e s .  F u l l  f i e l d  o r  " s t a t i s t i c a l "  coun t ing  of the  f i l t r a t i o n  
s u r f a c e  may b e  performed. 

This f o r c e s  t h e  

The f a c e  of t h e s e  

Sample f low i s  d i s t r i b u t e d  r a d i a l l y  through t h e  porous a n n u l a r  

When f low (and purg ing  a s  r e q u i r e d )  i s  completed,  t h e  s t rongback  
T h i s  
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Note,  i n  F i g u r e  2 ,  t h e  upper chamber-half r o t a t i o n a l  l ock  which 
engages t h e  upper  microscope t r a v e l i n g  way when t h e  microscope i s  pro-  
j e c t e d  r a d i a l l y  onto  t h e  chamber. This serves t o  p reven t  r o t a t i o n a l  
movement of t h e  upper  chamber-half w i th  r e s p e c t  t o  t h e  microscope when 
t h e  lower chamber-half i s  r o t a t e d .  

F i g u r e  3 shows t h e  hold ing  c y l i n d e r  f o r  the f i l t r a t i o n / c o u n t i n g  
chamber, t h e  a t t a c h e d  microscope, microscope mount, t r a v e r s i n g  and 
f o c u s i n g  assembly, t h e  r o t a t i o n a l  worm c r a n k  and a phantom v i e w  of t h e  
r o t a t i o n  worm assembly. 
o f  t h e  f i l t r a t i o n / c o u n t i n g  chamber b e a r s  on t h e  suppor t  shoulder  form- 
i n g  t h e  p l a n a r  t o p  of t h e  hold ing  c y l i n d e r .  By t h i s  arrangement t h e  
r o t a t i n g  r i n g  g e a r  of the former engages w i t h  the r o t a t i n g  worm g e a r  
of t h e  l a t t e r .  

The lower h a l f  c i r c u m f e r e n t i a l  s e a l  f l a n g e  

Rotation Worm Assembly 

Iv/ 

Focusing Knob- 7 / 
ILFHC svppmt  
Shoulder 

Rotation Worm Assembly 

Iv/ 

F i g u r e  3 .  P i c t o r i a l  v i e w  of microscope f i x t u r e  
f o r  h igh -p res su re  ILFHC 

F i g u r e  4 shows a doub le-wa l l e d  i n s u l a t i n g  j a c k e t  used t o  e f f e c t  
c o o l  down of  t h e  ILFHC p repa ra to ry  t o  f i l t r a t i o n  of LO2, LN2, and q. 

This d e v i c e ,  hinged on one s i d e ,  i s  c l o s e d  around t h e  ILFHC 
chamber and s e a l s  t o  i t  by s e m i - c y l i n d r i c a l  e l a s t o m e r i c  i n s e r t s  i n  the 
dewar h a l v e s  which compress a g a i n s t  t h e  i n l e t  and o u t l e t  t ubes  of t h e  
f i l t r a t i o n / c o u n t i n g  chamber. Cryogen i s  then  al lowed t o  f low through 
t h e  annu la r  space  between t h e  chamber and t h e  dewar u n t i l  t h e  chamber 
tempera ture  i s  a t  t h e  b o i l i n g  p o i n t  of t h e  cryogen,  a f t e r  which sample 
f low i s  commenced through the f i l t r a t i o n / c o u n t i n g  chamber. 
shows t h e  ILFHC a s  it might look w h i l e  i n  use .  

F i g u r e  5 
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Dual Recessed 0-Rings 
(Entire Circumference) 7 

a icryogen Outlet 
Port 

F i g u r e  4 .  1 L F " C  c r y o g e n i c  r e f r i g e r a t i o n  
dewar 

F i g u r e  5 .  ILFHC i n  use w i t h  
a t t a c h e d  microscope  



P a r t i c l e  Moni to r ing  

A t  p r e s e n t ,  there a r e  fou r  o p e r a b l e  concepts  of au tomat ic  p a r t i c l e  
c o u n t e r s .  The HIAC Automatic P a r t i c l e  Counter ,  F i g u r e  6 ,  d e t e c t s  the 
p r o j e c t e d  c r o s s - s e c t i o n a l  a r ea  of p a r t i c l e s  p a s s i n g  between t h e  l i g h t  
s o u r c e  and the photo tube  by measuring t h e  momentary r e d u c t i o n  i n  t h e  
o u t p u t  s i g n a l  from the phototube caused by t h e  p a r t i c l e  shadow. The 
manufac turer  b e l i e v e s  t h a t  t h i s  i n s t rumen t  cou ld  b e  adapted  f o r  c r y -  
ogenic  usage  and f o r  t h e  gases  inc luded  i n  t h i s  s tudy .  RP-1 and GN2 
have  been monitored by t h i s  in s t rumen t ,  b u t  i t s  a d a p t a b i l i t y  f o r  
N204 and the amine f u e l s  is  not  known. 

gories from 85 t o  2 5 0 0 p w i t h  a c a p a b i l i t y  of up t o  12 p a r t i c l e s / c c  
wi thou t  co inc idence ,  and from 35 t o  1 O O O p w i t h  a c a p a b i l i t y  of up t o  
75 p a r t i c l e s / c c  wi thou t  co inc idence ,  a t  a f low r a t e  of 3 l i t e r s / m i n u t e .  
A l l  of the f l u i d  p re sen ted  t o  the ins t rumen t  i s  sensed  and none i s  
bypassed.  

C e l l s  a r e  a v a i l a b l e  which count  p a r t i c l e s  i n  s e l e c t e d  s i z e  c a t e -  

LIOLD 
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UICROCt LL FLCID PASSAGE 

(CROSS-SECTIONAL .ARE.* KNOWN1 
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F i g u r e  6. Schematic diagram of HIAC 
a u t  oma t i c  p a r t  i c  l e  c oun t e r  

The Royco P a r t i c l e  Counter ,  F i g u r e  7 ,  d e t e c t s  the l i g h t  s c a t t e r -  
i n g  by the p a r t i c l e s  a t  90 degrees  t o  t h e  i n c i d e n t  l i g h t .  The i n t e n s i t y  
of t h e  s c a t t e r e d  l i g h t  i s  sensed by the p h o t o m u l t i p l i e r  t u b e  whose ou t -  
p u t  i s  a m p l i f i e d  and d i s c r i m i n a t e d  and s e n t  t o  the s i z e  r a n g e  c o u n t e r s .  
The manufac turer  b e l i e v e s  t h a t  t h e  in s t rumen t  can be  adapted  f o r  c ryo-  
g e n i c  usage ,  t h a t  it can b e  used f o r  the g a s e s  inc luded  i n  t h i s  s t u d y ,  
and t h a t  i t  appea r s  f e a s i b l e  t o  u s e  i t  f o r  p a r t i c l e s  l a r g e r  t han  l o p  
i n  N2O4. It i s  used f o r  R P - 1  and f o r  g a s e s  up t o  25,000 p s i .  
f u e l s  have n o t  been i n v e s t i g a t e d .  The f low r a t e  of t h e  l i q u i d  c e l l s  
i s  100 cc /minute  and can  b e  r a i s e d  t o  1 ga l /minu te  w i t h  some loss  of 

The amine 
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s e n s i t i v i t y .  (The s e n s i t i v i t y  i s  f o r  p a r t i c l e  c a t e g o r i e s  c o n s i d e r a b l y  
s m a l l e r  t han  those  i n  the f l u i d s  i n  t h i s  s tudy . )  The f low r a t e  of the 
gas  c e l l  i s  1/10 s t anda rd  cu f t / m i n u t e .  
the  ins t rumen t .  

There  i s  no i n t e r n a l  bypass  i n  

S 

P R I N T E R  
G A L V A N O M E T E R  

P O T E N T I O M E T E R  

Figure  7 .  Schematic diagram of the o p t i c a l  s e n s o r  
p o r t i o n  of the Royco nephelometer  l i q u i d  
borne  p a r t i c l e  moni tor  

The Microscan Continuous Contaminat ion Moni tor ,  F i g u r e  8 ,  measures  
the c a p a c i t a n c e  change of the sample s t r eam due t o  p a r t i c l e s  and f ree  
wa te r .  The senso r s  c o n s i s t  of two c a p a c i t o r  p l a t e s  between which the 
sample s t r eam passes .  
of the contaminant  and thus no s i z e  o r  coun t  i s  sensed .  P a r t i c l e s  
l a r g e r  t han  200, a r e  s e p a r a t e d  b e f o r e  r e a c h i n g  the s e n s i n g  chamber. 
A p o r t i o n  of t h e  sample s t r eam bypasses  the s e n s i n g  chamber. 

The r eadou t  i s  a f u n c t i o n  of the t o t a l  volume 

BY-PASS + O U T L E T  

1 7  
REGULATOR 

41 

INLET - AIR 7 SEPARATOR 

SAMPLE 

A M P L I F I E R S  

Figure  8. Schematic diagram of  the Microscan 
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The manufac turer  s t a t e s  t h a t  the ins t rumen t  h a s  a p p l i c a t i o n  f o r  
RP-1 and p o s s i b l y  the amine f u e l s ,  b u t  a p p l i c a b i l i t y  t o  any of the 
remainder  of t h e  f l u i d s  is  doub t fu l .  

The Sperry  L iqu id  Contaminant Level I n d i c a t o r ,  F i g u r e  9 ,  s e n s e s  
p a r t i c l e s  i n  a f r a c t i o n  of t he  c r o s s - s e c t i o n a l  a r e a  of the sample s t r eam 
by measuring t h e  ampl i tude  of a r e f l e c t e d  5.0 mc u l t r a s o n i c  p u l s e  pro-  
duced by a l i t h i u m  s u l p h a t e  t r ansduce r .  

LIQUID INLET TUBE n 
LABORATORY GLASSWARE 

FIBER CALIBRATION 

:---;- 
FOCAL POMT L - J L  

I I .E* 

SENSING ZONE 1 1  

TRANSDUCER 

F i g u r e  9. 
Sens ing  zone of the 
Spe r ry  Liquid  Contam- 
i n a n t  Leve l  I n d i c a t o r  

ELECTRICAL CABLE TO 
TRANSDUCER 

None of t h e  au tomat i c  p a r t i c l e  counL2rs d e s c r i b e d  can  d e t e c t  o r  
r e p o r t  t h e  l o n g e s t  dimension of the p a r t i c l e  o r  f i b e r .  S i n c e  most ,  i f  
n o t  a l l ,  e x i s t i n g  contaminat ion  c o n t r o l  c r i t e r i a  a r e  d e f i n e d  i n  terms 
of the l o n g e s t  dimension,  new c r i t e r i a  would have t o  b e  developed t o  
pe rmi t  use of t h e  au tomat ic  coun te r ,  o r  a c o r r e l a t i o n  would have t o  b e  
demonstrated between p a r t i c l e  s i z e  and c o u n t ,  determined by the au to -  
m a t i c  c o u n t e r ,  and s ize  and count determined by the l i g h t  microscope 
method (SAE ARP 598). 
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It t h u s  appears  t h a t  m o d i f i c a t i o n s  t o  e x i s t i n g  d e s i g n s  may b e  
necessa ry  t o  permit  au tomat ic  mon i to r ing  of p a r t i c u l a t e  contaminat ion  
i n  the f l u i d s  d iscussed  i n  t h i s  paper .  Neve r the l e s s ,  the  advantage  t o  
b e  ga ined  from t h e  use of au tomat ic  p a r t i c l e  c o u n t e r s  i n  f l u i d  sys tems,  
so i n t e g r a t e d  i n t o  t h e  system t h a t  f l ow w i l l  b e  a u t o m a t i c a l l y  s topped  
i f  excessive contaminat ion i s  d e t e c t e d ,  i s  obvious .  It i s  a s t o n i s h i n g  
t h a t  the  a d a p t a t i o n  of au tomat ic  p a r t i c l e  c o u n t e r s  t o  f l u i d  systems 
a s s o c i a t e d  w i t h  l a r g e  r o c k e t  t es t  f a c i l i t i e s  h a s  been s o  long  neg lec t ed .  

I s o k i n e t i c  Sampling 

The foregoing  d i s c u s s i o n s  on p a r t i c l e  sampling and mon i to r ing  
assume t h a t  the p a r t i c u l a t e  m a t t e r  i n  the f l u i d  b e i n g  sampled o r  mon- 
i t o r e d  i s  r e p r e s e n t a t i v e  of the main f l u i d  s t ream.  Workers a t  Oklahoma 
S t a t e  U n i v e r s i t y  have shown t h a t ,  f o r  p a r t i c l e s  s m a l l e r  t han  1 0 0 p i n  
f l u i d s  a s  v i scous  a s  MIL-H-5606 h y d r a u l i c  o i l ,  s imp le  s i d e  t a p  sampling 
of t u r b u l e n t  s t reams w i l l  give r e p r e s e n t a t i v e  samples of p a r t i c l e  con- 
t amina t ion  (Reference 1). However, Wyle L a b o r a t o r i e s  h a s  shown t h a t ,  
f o r  wa te r  and gases ,  i s o k i n e t i c  sampling dev ices  a r e  r e q u i r e d  i f  r e p r e -  
s e n t a t i v e  samples of p a r t i c l e  contaminat ion  a r e  t o  b e  ob ta ined  (Ref- 
e r e n c e s  2 and 3 ) .  Our recommendation, t h e r e f o r e ,  i s  t h a t  a l l  samples 
taken  from cryogenic  f l u i d  s t reams and a l l  p a r t i c u l a t e  samples taken  
from the remainder of t h e  f l u i d s  w h i l e  i n  o p e r a t i o n a l  f low b e  t aken  
through a Wyle Labora to r i e s  dynamic f l u i d  sampler  o r  a Maledco Engineer-  
i n g  Company t u r b u l e n t  f l ow sampling v a l v e ,  depending on t h e  l i n e  s i z e s  
and f l u i d s  involved .  

The Wyle u n i t  i n c o r p o r a t e s  two b a s i c  p r i n c i  les: (1) i n c l u s i o n  
of a mechanism which pe rmi t s  the wi thdrawal  of a 'slice" of f l u i d  from 
the  f u l l  c r o s s  s e c t i o n  of the f l u i d  system; ( 2 )  maintenance of i s o -  
k i n e t i c  f low c o n d i t i o n s  b o t h  i n s i d e  and o u t s i d e  of the  sample w i t h -  
d rawal  mechanism. The Maledco u n i t  i s  des igned  w i t h  a "Z" s e c t i o n  f low 
p a t h  which c r e a t e s  t u r b u l e n c e ,  and the  sample i s  withdrawn d i r e c t l y  
from the t u r b u l e n t  s e c t i o n .  

F i g u r e  10 shows a p a r t i a l l y  exploded view of a Wyle dynamic f l u i d  
sampler .  The i n l e t  f a c e  of the wedge, which i s  t h e  second i t e m  i n  the 
c e n t e r  lower foreground,  can b e  c l e a r l y  s e e n ,  F i g u r e  11 shows a s k e t c h  
of the dynamic f l u i d  sampler  i n s t a l l e d  i n  a l i n e  f o r  au tomat ic  i n l i n e  
sampling of the f l u i d  s t ream.  The d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  
s e n s e s  the  d i f f e r e n c e  between the s t a t i c  l i n e  p r e s s u r e  and the t o t a l  
p r e s s u r e  w i t h i n  the sample wi thdrawal  mechanism. The re fo re ,  when the 
d i f f e r e n t i a l  p r e s s u r e  i s  z e r o ,  the  mainstream v e l o c i t y  and the sample 
v e l o c i t y  w i t h i n  the sampler  wi thdrawal  mechanism a r e  e q u a l  and i s o -  
k i n e t i c  f low i s  a t t a i n e d .  
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Figure  10. Wyle  dynamic f l u i d  sampler 
( p a r t i a l l y  exploded view) 
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Figure  11. Dynamic f l u i d  sampler i n s t a l l e d  f o r  
automatic i n l i n e  sampling 
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I n  an o p e r a t i o n a l  system t h e  dynamic f l u i d  sampler would d i v e r t  
between 1 and 5 p e r c e n t  of the main f l u i d  s t r eam.  F o r  systems having  
a l a r g e  f low r a t e ,  the d i v e r t e d  s t r e a m  would f low through a second 
sample r ,  which would a g a i n  d i v e r t  1 t o  5 p e r c e n t  of  t h e  f low.  Thus,  
a 1 gpm sample could b e  o b t a i n e d  from a system f lowing 10,000 gpm. 

P u r i t y  Moni tor ing  

General  

During t h e  survey of launch and s t a t i c  tes t  f a c i l i t i e s  o n l y  a 
few i n s t a n c e s  of on-stream moni tor ing  of o p e r a t i o n a l  systems f o r  t h e  
f l u i d s  of i n t e r e s t  w e r e  found. These w e r e :  

1. 

2. 

3 .  

4 .  

5. 

6. 

Flame- ioniza t ion  hydrocarbon a n a l y z e r s  f o r  t o t a l  
hydrocarbons.  These s e r v e d  b o t h  a s  con t inuous  
a n a l y z e r s  and p e r i o d i c  a n a l y z e r s ;  

Mois ture  meters t h a t  r e a d  by t h e  h y d r o l y s i s  of 
absorbed water  on hygroscopic  p l a t e s .  These a r e  
used f o r  bo th  con t inuous  and p e r i o d i c  mon i to r ing ;  

The f r i t t e d  silver--KOH t y p e  O2 a n a l y z e r  f o r  oxygen 
c o n t e n t  i n  g a s e s .  These were used a s  con t inuous  
on-s tream a n a l y z e r s  ; 

A gas chromatograph t h a t  was programmed by elec- 
t r o n i c  t a p e  f o r  on-stream measurement of t r a c e  
g a s  contaminants  i n  hydrogen; 

An instrument  designed t o  measure the o r tho -pa ra  
r a t i o  of hydrogen c o n t i n u o u s l y  on-stream; 

A l i q u i d  p r o c e s s  m o i s t u r e  m e t e r  t h a t  measured 
m o i s t u r e  c o n t e n t  i n  petroleum p r o d u c t s .  T h i s  
dev ice  was used cont inuous ly  on-stream. 

A l l  of t h e  o r g a n i z a t i o n s  v i s i t e d  used v a r i o u s  means of instrumen- 
t a l  a n a l y s i s  i n  a l a b o r a t o r y  f o r  some contaminat ion  parameters  i n  a l l  
of  the f l u i d s  of i n t e r e s t ,  w i t h  t h e  e x c e p t i o n  of  N 0 . However, a 
number of t h e s e  o r g a n i z a t i o n s  s t i l l  depended q u i t e 2 h i a v i l y  on w e t  
chemical  a n a l y s i s .  I n  g e n e r a l ,  l a b o r a t o r y  methods of  i n s t r u m e n t a l  
a n a l y s i s  c o n s i s t e d  of  g a s  chromatography; i n f r a r e d ,  u l t r a v i o l e t ,  
v i s i b l e ,  and mass spec t roscopy ;  e l e c t r o l y t i c - t y p e  hygrometers  f o r  
m o i s t u r e  c o n t e n t ;  and f lame i o n i z a t i o n  m e t e r s  f o r  t o t a l  hydrocarbon 
a n a l y s i s .  

I d e a l l y  , t h e  u l t i m a t e  contaminat ion  s e n s o r  would b e  a s e n s i n g  
probe connected t o  some t y p e  of r e a d o u t  d e v i c e  t h a t  i n d i c a t e s  t h e  
amount of eve ry  contaminant  i n  a l l  f l u i d s .  Such a d e v i c e  does n o t  
exist and i t  i s  d o u b t f u l  t h a t  i t  can  b e  developed i n  the f o r e s e e a b l e  
f u t u r e .  Neve r the l e s s  a su rvey  of i n s t r u m e n t a t i o n  manufac turers  was 
made t o  f i n d  a v a i l a b l e  i n s t r u m e n t a t i o n  c a p a b l e  of  p r o v i d i n g  cont inuous  
moni tor ing  of one o r  more of t h e  parameters  of i n t e r e s t .  
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Because very  f e w  t y p e s  of con t inuous  moni tors  were found,  an  
a l t e r n a t i v e  approach was formed. This approach was t o  p rov ide  an i n -  
t e g r a t e d  system of cont inuous  moni tors  f o r  parameters  t h a t  could  b e  so 
moni tored ,  and r a p i d  r e c y c l e  p e r i o d i c  moni tors  f o r  t h o s e  parameters  
t h a t  a r e  imposs ib l e  t o  monitor  con t inuous ly .  This i n t e g r a t e d  sys tem 
comes a s  c l o s e  t o  t h e  i d e a l i z e d  concept  a s  i s  p o s s i b l e .  Even though 
the sys tem i s  n o t  t o t a l l y  con t inuous ,  it would p rov ide  a b e t t e r  con- 
f i d e n c e  l e v e l  w i t h  r e g a r d  t o  t h e  c o n d i t i o n  of the p r o p e l l a n t  o r  
p r e s s u r a n t  t h a t  i s  loaded on t h e  v e h i c l e  t han  does the p r e s e n t  method 
of b a t c h  sampling.  

The primary des ign  c r i t e r i a  f o r  a contaminat ion  s e n s o r  t o  b e  
p l aced  i n  g iven  f l u i d  system a r e  t h a t  t h e  s e n s o r  be  c a p a b l e  of d e t e c t -  
i n g  and q u a n t i f y i n g  a l l  parameters  d e f i n e d  by the a p p l i c a b l e  s p e c i f i c a -  
t i o n  and,  i n  doing  so, demonstrate  accuracy  and r e p e a t a b i l i t y .  The 
s e n s o r  must perform i t s  o p e r a t i o n  of d e t e c t i o n  and q u a n t i f i c a t i o n  on a 
con t inuous  b a s i s  and r e sponse  should  b e  a s  r a p i d  a s  p o s s i b l e .  P o r t -  
a b i l i t y  i s  d e s i r a b l e ;  however, it i s  n o t  a f i r m  requi rement .  If  the 
i n s t r u m e n t a t i o n  i s  i n s t a l l e d  permanently,  i t  must be c a p a b l e  of w i t h -  
s t a n d i n g  the environment e x i s t i n g  d u r i n g  launch.  I n  a d d i t i o n ,  the 
ins t rumen t  must b e  exp los ion  proof i f  i t  i s  t o  b e  used i n  an a r e a  where 
flammable vapors  might  exist .  The in s t rumen t  m u s t  b e  of minimum s i z e  
and weight  c o n s i s t e n t  w i th  a l l  the o t h e r  requi rements  s t a t e d .  

d e t e c t i n g  and q u a n t i f y i n g  and p u r i t y / i m p u r i t y  parameters  s p e c i f i e d  i n  
the a p p l i c a b l e  s p e c i f i c a t i o n .  Based on in fo rma t ion  s u p p l i e d  from the 
i n s t r u m e n t a t i o n  manufac tu re r s ,  no s i n g l e  in s t rumen t  i s  a v a i l a b l e  t h a t  
can  measure a l l  these parameters .  However, there a r e  i n s t r u m e n t s  t h a t  
can  measure a number of them. These i n s t r u m e n t s  can b e  grouped i n t o  
two s e p a r a t e  t y p e s  of sys tems.  One sys tem uses mass spec t romete r s  i n  
c o n j u n c t i o n  w i t h  hydrocarbon a n a l y z e r s ,  m o i s t u r e  mon i to r s ,  and ppm 
oxygen a n a l y z e r s  f o r  t h e  a n a l y s i s  of t h e  contaminants  i n  t h e  c ryogen ic  
l i q u i d s  and the g a s e s .  The o t h e r  sys tem s u b s t i t u t e s  p rocess  s t r e a m  g a s  
chromatographs f o r  the mass spec t rometer  t o  p rov ide  t h e  same a n a l y s e s .  
Both systems would u s e  p rocess  gas  chromatographs f o r  t h e  a n a l y s i s  of 
t h e  s t o r a b l e  p r o p e l l a n t s  and RP-1. 

Both systems a r e  capab le  of  a n a l y z i n g  i m p u r i t i e s  t o  l e v e l s  p r e -  
s c r i b e d  i n  the a p p l i c a b l e  s p e c i f i c a t i o n s .  However, t h e  mass spectrom- 
eter i s  n o t  c a p a b l e  of provid ing  t h e  a n a l y s i s  r e q u i r e d  f o r  a c e t y l e n e  
c o n t e n t  (0.25 ppm) i n  oxygen. It a l s o  does  n o t  a c c u r a t e l y  p rov ide  the 
a n a l y s i s  re  u i r e d  f o r  the combined oxygen and argon c o n t e n t  i n  hydrogen 
and helium ?l.O ppm) o r  the a n a l y s i s  r e q u i r e d  f o r  hydrogen c o n t e n t  i n  
helium (1.0 pprn). The s e n s i t i v i t y  of the mass spec t romete r  g iven  f o r  
t h o s e  a n a l y s e s  i s  1 L- 1 / 2  ppm. This number i n d i c a t e s  an e r r o r  of +50% 
a t  1 ppm. 

The manufac turers  c l a i m  t h a t  the g a s  chromatograph i s  c a p a b l e  of 
making a l l  the d e s i r e d  r e s o l u t i o n s  i n c l u d i n g  t h e  low ppm r e s o l u t i o n s .  
However, i t  s t i l l  i s  d o u b t f u l  t h a t  any in s t rumen t  can  come any c l o s e r  
t o  t h e s e  l i m i t s  t han  t h e  m a s s  spec t romete r .  The m o i s t u r e  mon i to r ,  the 
pprn oxygen a n a l y z e r ,  and t h e  hydrocarbon a n a l y z e r  a r e  c a p a b l e  of p rov id -  
i n g  cont inuous  mon i to r ing  a t  t he  d e s i r e d  l e v e l s  of s e n s i t i v i t y .  There-  
f o r e ,  these i n s t r u m e n t s  can  be used  i n  most c a s e s  where these a n a l y s e s  
a r e  r e q u i r e d .  The mass spec t rometer  i s  n o t  c a p a b l e  of con t inuous  r ead -  
ou t ,  b u t  it i s  c a p a b l e  of performing s p e c i f i c  a n a l y s e s  f o r  i n d i v i d u a l  

Obviously the only  c r i t e r i o n  f i r m l y  de f ined  above i s  t h a t  of 
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contaminants  i n  approximately 1 second. The gas  chromatographs t a k e  
15 seconds t o  7 minutes  t o  p rov ide  the same a n a l y s i s .  A 5-to-7 minute  
t i m e  span f o r  a n a l y s i s  i s  the b e s t  t h a t  can b e  ob ta ined  by commercially 
a v a i l a b l e  equipment. With c o n s i d e r a b l e  development of such new GC 
t echn iques  a s  c a p i l l a r y  column chromatography, the  5-to-7 minute  t i m e  
span can  b e  cu t  t o  a s  low a s  15 seconds ,  a l though  2 minutes  appea r  
more l i k e l y  of a t t a inmen t .  
qu i rement ,  i t  i s  imposs ib l e  t o  e s t a b l i s h  a f i r m  des ign  c r i t e r i a  f o r  
t i m e  of a n a l y s i s ,  

Because of  the  e x t e n s i v e  development re- 

S i z e  and weight of t h e  m o i s t u r e  mon i to r ,  hydrocarbon a n a l y z e r ,  

The requi rement  
and the oxygen ana lyze r  a r e  w e l l  de f ined  f o r  the l a b o r a t o r y  in s t rumen t .  
These a r e  s m a l l ,  l ightweight ,  p o r t a b l e  i n s t r u m e n t s .  
f o r  exp los ion  and shock p roof ing  these i n s t r u m e n t s  w i l l  s u b s t a n t i a l l y  
i n c r e a s e  their  weight and s i z e .  
i n s t rumen t s .  
e r a l l y  undef ined  because these parameters  a r e  a f u n c t i o n  of the tech- 
n ique  used ,  e.g., a c a p i l l a r y - t y p e  chromatograph would weigh less than  
the  conven t iona l  t ype .  

Th i s  v a l u e  cannot  b e  d e f i n e d  f o r  most 
The s i z e  and weight of the gas  chromatographs a r e  gen- 

No s p e c i f i c  requi rements  f o r  r e sponse  t i m e ,  a ccu racy ,  o r  r e p e a t -  
a b i l i t y  can b e  given a t  t h i s  t i m e  f o r  the g a s  chromatograph o r  t h e  mass 
spec t romete r  because these parameters  a r e  a l s o  a f u n c t i o n  of develop-  
men ta l  e f f o r t .  
to ta l -hydrocarbon a n a l y z e r ,  the  e l e c t r o l y t i c  hygrometer ,  and the i n f r a -  
r e d ,  u l t r a v i o l e t ,  and oxygen a n a l y z e r s  a r e  w e l l  d e f i n e d .  

Response t i m e s ,  a ccu racy ,  and r e p e a t a b i l i t y  f o r  the 

Based on t h e  prev ious  d i s c u s s i o n  the  fo l lowing  t y p e s  of moni tors  
a r e  recommended f o r  moni tor ing  s p e c i f i c  contaminants  i n  t h e  f l u i d s  
p e r t i n e n t  t o  t h i s  d i s c u s s i o n .  

Gaseous Nitrogen 

1. 

2 .  

3 .  

4 .  

He l i u m  

1. 

2. 

P u r i t y  can b e  monitored by i n s t r u m e n t a l  de t e rmina t ion  
of i m p u r i t i e s  and the au tomat ic  s u b t r a c t i o n  of these 
from the t o t a l ;  

Hydrocarbons can b e  monitored by a f l ame- ion iza t ion  
to ta l -hydrocarbon a n a l y z e r ;  

Mois ture  can  b e  monitored by an  e l e c t r o l y t i c  hygrom- 
eter t h a t  i n d i c a t e s  h y d r o l y s i s  of absorbed wa te r  i n  
hygroscopic  p l a t e s  o r  by a mass spec tog raph ic  ana lyze r ;  

Trace  02 can  b e  monitored by a ppm oxygen a n a l y z e r ,  the  
s t y l e  t h a t  h a s  l e a d  and f r i t t e d  s i l v e r  e l e c t r o d e s  
immersed i n  a KOH b a t h .  

P u r i t y  can b e  monitored by i n s t r u m e n t a l  de t e rmina t ion  
of i m p u r i t i e s  and the au tomat i c  s u b t r a c t i o n  of these 
from the  t o t a l ;  

H 2 ,  N2, 0 2 ,  and m o i s t u r e  can  b e  monitored by a mass 
spec t rog raph ic  ana l y z  er ; 
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3 .  A l t e r n a t i v e s  - N2 and H2 can b e  monitored by a p rocess  
s t r eam gas  chromatograph; 02 can  b e  monitored by a ppm 
oxygen a n a l y z e r ;  mo i s tu re  can  be  monitored by an e l e c -  
tr o l y t i c  hygrometer ; 

Hydrocarbons can b e  monitored by a f l a m e - i o n i z a t i o n  
to ta l -hydrocarbon ana lyze r .  

4 .  

Gaseous Oxygen 

1. P u r i t y  can  be  monitored by t h e  paramagnet ic  oxygen 
a n a l y z e r  ; 

Mois tu re  can  be  monitored by an e l e c t r o l y t i c  hygrometer ;  

T o t a l  hydrocarbons can b e  monitored by a f l a m e - i o n i z a t i o n  
to ta l -hydrocarbon a n a l y z e r ;  

Acety lene  c o n t e n t  can b e  determined by n o n d i s p e r s i v e  
i n f r a r e d  spec t roscopy.  
f o r  a c e t y l e n e  con ten t  i n  gaseous oxygen when t o t a l  
hydrocarbons a r e  monitored.  Acety lene  i s  always moni- 
t o r e d  i n  L02, even though LO2 i s  ana lyzed  i n  the vapor  
phase.  

2. 

3 .  

4 .  
(It i s  n o t  necessa ry  t o  monitor  

Gaseous Hydrogen 

1. P u r i t y  can b e  monitored by i n s t r u m e n t a l  de t e rmina t ion  
of i m p u r i t i e s  and t h e  au tomat i c  s u b t r a c t i o n  of these 
from the t o t a l ;  

2. 02, A r ,  hel ium, carbon b e a r i n g  g a s e s ,  and m o i s t u r e  can 
b e  monitored by a mass  s p e c t r o g r a p h i c  a n a l y z e r ;  

3 .  A l t e r n a t i v e  - These commodities can be  measured by a 
p rocess  s t r eam gas  chromatograph; 

4 .  T o t a l  hydrocarbons can b e  monitored by a f lame- 
i o n i z a t i o n  to ta l -hydrocarbon a n a l y z e r .  

L iquid  Ni t rogen  

N o  moni tor ing  dev ices  a r e  c a p a b l e  of measuring contaminat ion  
d i r e c t l y  i n  c ryogenic  f l u i d s .  There i s  very  l i t t l e  hope t h a t  such 
a d e v i c e  w i l l  b e  o r  can b e  developed i n  t h e  f u t u r e .  However, f o r  W2 
and LO2 of p r o p e l l a n t  g rade ,  a con t inuous  c ryogen ic  sampler t h a t  uses 
a con t inuous  f l a s h  v a p o r i z e r  can b e  used i n  con junc t ion  w i t h  t h e  i n -  
s t r u m e n t a t i o n  proposed f o r  t h e  gaseous phase  of t h e s e  commodities t o  
perform t h e  r e q u i r e d  a n a l y s i s .  These c ryogen ic  samplers  a r e  commer- 
c i a l l y  a v a i l a b l e  i n  s e v e r a l  forms. 
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Liquid Hydrogen 

For LHz, a continuous cryogenic sampler, in conjunction with the 
instrumentation proposed to monitor GH2, will be sufficient to analyze 
all contaminants. 

A-50 - 
The N2H4, UDMH, amine, and moisture content of A-50 can be moni- 

tored by a process stream gas chromatograph. 

MMH 
Purity and moisture content can be monitored by a process stream 

gas chromatograph. 

N2 O4 - 
There is no  known way of measuring purity or contamination con- 

tent by instrumental methods. Some manufacturers have proposed the use 
of a process stream gas chromatograph for these analyses. However, 
each proposed chromatograph requires an extensive developmental effort, 
with no guarantee that the method will prove to be really satisfactory. 

RP- 1 - 
1. 

2. 

3 .  

4 .  

5. 

6 .  

7. 

Mercaptans can be monitored by nondispersive infrared 
at 3.92 p; 

Aromatics can be monitored by nondispersive infrared 
at 5 . 1 ~ ;  

Olefins can be monitored hy nond.isp,zrsive infrared 
at 11p; 

Existing and potential gums cannot be monitored; 

Moisture can be monitored by an ultraviolet analyzer; 

A l l  the above instruments require a vaporized sample 
for proper operation; therefore, these instruments 
must be used in conjunction with a high-temperature 
vaporizer and the analyses made in the vapor phase; 

Sulfur in solution could possibly be determined by 
variations in light transmission monitored by a 
photocell. This technique will take a long time 
for development. Sulfur not in solution can prob- 
ably be filtered out mechanically and will not 
contribute significantly to the total sulfur content. 



. - .  

F i g u r e  12 shows a schematic of one of the l i q u i d  oxygen s t o r a g e  
and t r a n s f e r  systems a t  Cape Kennedy, w i t h  sugges ted  p o i n t s  f o r  moni- 
t o r i n g  contaminat ion .  Suggested sampling p o i n t s  a r e  i n d i c a t e d  by S1, 
S2, etc.;  sugges ted  moni tor ing  p o i n t s  a r e  i n d i c a t e d  by M 1 ,  M2, e t c .  
LO2 i s  r e c e i v e d  i n  t r a n s p o r t  t r a i l e r s  and t r a n s f e r r e d  t o  the 900,000 
g a l .  dewar l o c a t e d  1450 f e e t  from the launch pad. A c i r c u l a t i o n  pump 
cou ld  b e  i n s t a l l e d  between the  fill l i n e  t o  the dewar and one of the  
main t r a n s f e r  l i n e s  t o  the S-IC t o  o b t a i n  t a n k  samples ( p o i n t  S1) w h i l e  
LO2 i s  c i r c u l a t e d  through va lves  A 1  and A79. 
mon i to r ing  p o i n t  by s h a r i n g  equipment provided  f o r  M 1  and M2 and the 
i n s t a l l a t i o n  of swi t ch ing  equipment. The l o c a t i o n s  of moni tor ing  p o i n t s  
M 1 ,  M2, M 3 ,  and M4 a r e  such t h a t  they  a r e  downstream from pumps and 
f i l t e r s  i n  the s t o r a g e  a r e a  and on t h e  main f i l l  and rep len ishment  
l i n e s .  A l t e r n a t i v e  moni tor ing  p o i n t s  M A 1  th rough MA5 a r e  sugges ted  
f o r  p o i n t s  t h a t  a r e  n e a r e r  t h e  i n t e r f a c e  of t h e  v e h i c l e  and downstream 
of t h e  f i n a l  f i l t e r .  However, these p o i n t s  a r e  less d e s i r a b l e  because  
of t h e  environment the ins t rumen t s  w i l l  b e  exposed t o  and problems 
a s s o c i a t e d  w i t h  s h a r i n g  equipment. O p t i o n a l  moni tor ing  p o i n t s  M o l  
th rough M03 a r e  i n d i c a t e d  i n  the  even t  it becomes necessa ry  t o  moni tor  
the p r o p e r t i e s  of f l u i d  be ing  r e t u r n e d  t o  s t o r a g e .  

P o i n t  M 1 ,  on the main f i l l  l i n e  immediately downstream of t h e  
s t o r a g e  a r e a ,  would b e  equipped w i t h  a f l a m e - i o n i z a t i o n  hydrocarbon 
a n a l y z e r ,  a m o i s t u r e  mon i to r ,  and a paramagnet ic  oxygen a n a l y z e r ,  t o  
p rov ide  an i n d i c a t i o n  of hydrocarbon c o n t e n t ,  m o i s t u r e ,  and oxygen 
p u r i t y .  An au tomat ic  p a r t i c l e  c o u n t e r ,  when a v a i l a b l e  f o r  l i q u i d  
oxygen u s e ,  should  a l s o  be  loca ted  a t  t h i s  p o i n t .  

P o i n t  M2, on the topping  l i n e  i n  t h e  s t o r a g e  a r e a ,  would b e  . 
equipped s i m i l a r l y  t o  p o i n t  M1.  P o i n t  M 3 ,  on t h e  topp ing  l i n e  a t  the 
launch a r e a  and p o i n t  M 4 ,  on the  main f i l l  l i n e  a t  the launch a r e a ,  
would be  equipped w i t h  a hydrocarbon a n a l y z e r ,  a m o i s t u r e  mon i to r ,  and 
a p a r t i c l e  c o u n t e r .  

Launch C o n t r o l  Cen te r  so t h a t  a l l  parameters  would b e  monitored d u r i n g  
load ing .  I n  t h e  even t  t h a t  excess ive  contaminat ion  w e r e  d e t e c t e d  du r -  
i n g  t h e  load ing  o r  t opp ing  o p e r a t i o n s  by t h e  d a t a  p r o c e s s i n g  system, 
au tomat i c  shutdown of the f low would b e  i n i t i a t e d ,  thus o b v i a t i n g  the 
i n t r o d u c t i o n  of contaminat ion  i n t o  t h e  a i r b o r n e  v e h i c l e .  

P o i n t  S1 can become a 

Measurements from a l l  p o i n t s  would u l t i m a t e l y  b e  f e d  t o  the 

S i m i l a r  mon i to r ing  systems f o r  the o t h e r  f l u i d s  could  be  set up 
i n  much the same manner. Fo r  a l l  of the f l u i d s  there i s  a v a i l a b l e  a 
good system of i n s t r u m e n t a t i o n  c o n s i s t e n t  w i t h  t h e  s t a t e - o f - t h e - a r t  
t h a t  can p rov ide  cont inuous  moni tor ing  of contaminat ion .  Some of these 
i n s t r u m e n t s  a r e  o f f - t h e - s h e l f  items w h i l e  o t h e r s  w i l l  r e q u i r e  s o m e  
development.  N e v e r t h e l e s s ,  t h e  au tomat ion  of Contamination mon i to r ing  
of o p e r a t i o n a l  f l u i d  s y s t e m s  a s s o c i a t e d  w i t h  l a r g e  r o c k e t  b o o s t e r s  and 
s p a c e c r a f t  i s  w e l l  w i t h i n  the s t a t e - o f - t h e - a r t ;  t h e  implementat ion of 
automated moni tor ing  of these systems i s  long overdue.  

6 1  
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5. MEASUREMENT OF CONDUCTIVITY OF LIQUIDS AS A 
MONITOR FOR CONTAMINATION 

Sidney Balsbaugh,  Balsbaugh L a b o r a t o r i e s ,  I n c . ,  
and V e r i t y  C.  Smith 

Presented  by 

VERITY C .  SMITH 
Barns tead  S t i l l  and S t e r i l i z e r  Co. I n c . ,  

West Roxbury , Massachuse t t s  

The problem of developing methods of measuring v a r i o u s  i m p u r i t i e s  
i n  l i q u i d s ,  g a s e s ,  and s o l i d s ,  a s  w e l l  a s  t h e  d e t e c t i o n  of contaminants  
on s u r f a c e s ,  h a s  been of i n t e r e s t  t o  the e l e c t r o n i c s ,  s p a c e ,  and a tomic  
energy  i n d u s t r i e s  f o r  many y e a r s ;  however, the t e c h n o l o g i e s  have become 
m o r e  s o p h i s t i c a t e d ,  and t h e  requi rements  f o r  c l e a n l i n e s s  have a l s o  be-  
c o m e  more s t r i n g e n t .  The method of tes t  f o r  t r a c e s  of contaminants  in 
m a t e r i a l s  used i n  p roduc t ion  has been l a c k i n g  so t h a t  p roduc t ion  p e r -  
s o n n e l  have r e l i e d  upon techniques  of h a n d l i n g  t h e  m a t e r i a l s  a s  i n s u r -  
ance  a g a i n s t  the i r  contaminat ion .  If  t h i s  had n o t  been the c a s e ,  
p r o g r e s s  i n  a l l  of these f i e l d s  would probably  be  i n  a sad s t a t e .  On 
the o t h e r  hand ,  t h e r e  i s  no reason  why w e  should  n o t  c o n t i n u e  t o  work 
on improved test  procedures  f o r  the d e t e c t i o n  of t r a c e  i m p u r i t i e s ,  
e s p e c i a l l y  i n  t h e  more c r i t i c a l  a r e a s .  S o l v e n t s ,  b o t h  p o l a r  and non- 
p o l a r ,  c e r t a i n l y  f a l l  i n t o  this c a t e g o r y .  

It i s  somewhat r i d i c u l o u s  t o  p r e p a r e  a semiconductor  d e v i c e ,  o r  
even the wa te r  sys tem of t h e  Apollo s p a c e c r a f t ,  w i t h  a l l  t y p e s  of a i r  
f i l t e r i n g  d e v i c e s ,  pu re  g a s e s ,  s o l u t i o n s  of chemica ls ,  and wa te r  i f ,  
a s  a f i n a l  r i n s e ,  one u s e s  an a l c o h o l  bad ly  contaminated ,  n o t  on ly  w i t h  
p a r t i c u l a t e  m a t t e r ,  b u t  a l s o  with d i s s o l v e d  i o n i z e d  o r  un- ionized  s o l i d s .  
Fortunately,.particulate mat te r  i n  the range  of from l / lOth  of a micron 
t o  1 micron is coming under s c r u t i n y  a s  a result  of the development of 
s o l v e n t  r e s i s t a n c e  membrane filters. O f  c o u r s e ,  conven t iona l  membrane 
f i l t e r s  may b e  used f o r  t h e  s tudy of p a r t i c u l a t e  m a t t e r  down t o  the 
range  of 10 m i l l i m i c r o n s i n  t h e  c a s e  of l i q u i d s  t h a t  do n o t  a t t a c k  the 
membranes. 

Disso lved  o r g a n i c  m a t t e r  h a s  come under  i n v e s t i g a t i o n  w i t h  the 
development of chromotography and i n f r a r e d  spec t roscopy ;  however, 
these procedures  a r e  complex and, g e n e r a l l y  speak ing ,  cannot  b e  used  
on a cont inuous  p roduc t ion  b a s i s .  The i n d u s t r y  obvious ly  needs a q u i c k ,  
ea sy  method t o  g i v e  t h e  o p e r a t o r  an i d e a  of the r e l a t i v e  p u r i t y  of many 
s o l v e n t s  b e s i d e s  wa te r .  With th i s  problem i n  mind, Balsbaugh and Smith 
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p r e s e n t e d  a paper  a t  the ASTM' Symposium, i n  October ,  1962.' t t empt  
was made a t  t h a t  t i m e  t o  e s t a b l i s h  v a l u e s  of r e s i s t a n c e  of Freon6,  t r i-  
c h l o r o e t h y l e n e  and i s o p r o p y l  a l c o h o l  measured a t  v a r i o u s  t empera tu res  
a t  a p u r i t y  which was hoped t o  b e  c l o s e  t o  the  u l t i m a t e  f o r  p r a c t i c a l  
purposes .  The da ta  c l e a r l y  i n d i c a t e d  a drop i n  t he  r e s i s t a n c e  w i t h  an 
i n c r e a s e  i n  tempera ture ,  which seemed t o  b e  q u i t e  c o n s i s t a n t .  

ASTM Committee F-1 h a s  drawn up a procedure  f o r  measuring the r e s i s t a n c e  
of  s o l v e n t s ,  Method F-58-65T. Because there h a s  been l i t t l e  q u a n t i t a -  
t i v e  d a t a  a v a i l a b l e  on the  r e l a t i o n s h i p  between the  r e s i s t a n c e  of  the 
s o l v e n t  and the a c t u a l  p u r i t y ,  the method h a s  n o t  been p r a c t i c e d  t o  any 
e x t e n t  a s  f a r  a s  w e  know, though it  appears  t h a t  f u r t h e r  c o n s i d e r a t i o n  
should  b e  g iven  t o  t h i s  method of approach. 

An 

S i n c e  t h a t  t i m e  the subcommittee on Contaminants i n  L iqu ids  of 

For  t h i s  symposium, M r .  Balsbaugh and M r .  Smith se t  up e s s e n t i a l l y  
the  same d i s t i l l a t i o n  appa ra tus  used p r e v i o u s l y  i n  an  a t t empt  t o  p r e p a r e  
a r e l a t i v e l y  pure  s o l v e n t  which could  then  b e  measured b e f o r e  and a f t e r  
be ing  contaminated by v a r i o u s  i m p u r i t i e s .  Time was l i m i t e d  so t h a t  t h e  
complete  i n v e s t i g a t i o n  of contaminat ion ,  n o t  on ly  by s o l i d  s u r f a c e s ,  
b u t  a l s o  by gases  and l i q u i d s  was imposs ib l e ,  and c o n c e n t r a t i o n  was on 
d e t e c t i n g  the change i n  r e s i s t a n c e  of t h e  s o l v e n t s  b e f o r e  and a f t e r  
t hey  had been i n  c o n t a c t  w i t h  copper ,  s t a i n l e s s  s t ee l ,  and T e f l o a .  

Quar tz  R e d i s t i l l e r  fol lowed by a guarded Balsbaugh t y p e  100T3 Conduc- 
t i v i t y  c e l l  designed t o  measure the r e s i s t a n c e  d i r e c t l y  from the d i s -  
t i l l a t e  column. Fol lowing  t h i s  c e l l  the  s o l v e n t  was passed  through a 
p i e c e  of b l o c k  t i n  tub ing  immersed i n  a c o n s t a n t  t empera tu re  wa te r  b a t h .  
Subsequent t o  t h i s ,  w e  had a P y r e x m c e l l  h o l d e r  c o n t a i n i n g  c e l l  N o .  2 ,  
t hen  the tes t  c o i l  immersed i n  the same c o n s t a n t  t empera tu re  b a t h  
fo l lowed by c e l l  h o l d e r  N o .  3 and c e l l  N o .  3 of the same des ign .  A l l  
measurements on the Freon were made on a Genera l  Radio t y p e  1230-A 
E lec t rome te r .  This  s t a n d a r d  dc a m p l i f i e r  and e l e c t r o m e t e r  was used  
w i t h  a 9 0 - v o l t  a u x i l i a r y  b a t t e r y  supply .  The i s o p r o p y l  a l c o h o l  was 
measured w i t h  a Balsbaugh Labora tory  Br idge ,  Model 100LRB. 

the f low r a t e  cons t an t  through the copper ,  s t a i n l e s s ,  and Te f lon  c o i l s .  
The t i n  c o i l  was used merely t o  reduce  t h e  t empera tu re  of c e l l  No. 2 
t o  the tempera ture  of the o u t l e t  c e l l .  W e  recognized  t h a t  the  t i n  might 
contaminate  the l i q u i d .  However, i t  was chosen on the  b a s i s  of i t s  
g e n e r a l  p a s s i v i t y  toward wa te r  and a l s o  a v e r b a l  communication w i t h  
an eng inee r  a t  t h e  Dupont Freon Products  D i v i s i o n  i n d i c a t e d  t h a t  t i n  
s e a l e d  i n s i d e  a g l a s s  t u b e  i n  c o n t a c t  w i t h  Freon  seemed t o  have  been 
less a f f e c t e d  by the  Freon  than  any of the  o t h e r  m e t a l s  t e s t e d .  

r e s i s t a n c e  and t h e  c o n t a c t  t i m e  w i t h  the  v a r i o u s  s e c t i o n s  of t ub ing .  
W e  had a l s o  hoped t h a t  there m i g h t  b e  some t empera tu re  r e l a t i o n s h i p ,  

The d i s t i l l a t i o n  appa ra tus  c o n s i s t e d  of a Barns tead  model EPR-1/2 

W e  r a n  t h e  tests a t  d i f f e r e n t  t empera tu res  and a t tempted  t o  h o l d  

It was hoped t h a t  w e  would f i n d  a r e l a t i o n s h i p  between the 

b o u r t h  P a c i f i c  Area Meeting of ASTM, Los Angeles ,  C a l i f o r n i a ,  
October  1-3 , 1962. Th i s  paper  "Cleaning and M a t e r i a l s  P rocess ing  f o r  
E l e c t r o n i c s  and Space Apparatus" i s  found i n  the ASTM S p e c i a l  Techn ica l  
P u b l i c a t i o n  No.  342 and i s  o b t a i n a b l e  from the  S o c i e t y  Headquar te rs .  
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though t h e  mechanism of contaminat ion of a nonpolar  s o l v e n t  b a s o l i d  

f rom 280" t o  320°K. Ana lys i s  of t h e  assumed contaminated s o l v e n t s  was 
a l s o  conducted t o  t r y  t o  ob ta in  q u a n t i t a t i v e  in fo rma t ion .  

F o r t u n a t e l y ,  w e  d i d  g e t  a c l e a r  i n d i c a t i o n  i n  a l l  c a s e s  of a drop  
i n  r e s i s t a n c e  w i t h  the passage  of t h e  l i q u i d  through t h e  tub ing .  These 
d a t a  a r e  shown i n  Table  I f o r  Freon and i s o p r o p y l  a l c o h o l  i n  c o n t a c t  
w i t h  T e f l o n ,  copper ,  and s t a i n l e s s  s t ee l  tub ing .  The t u b i n g  i n  each  
c a s e  had an approximate i n s i d e  a r e a  of 1 squa re  f o o t ,  which g i v e s  a 
c o n s t a n t  of 0.157 m i l l i l i t e r s  p e r  squa re  c e n t i m e t e r  p e r  second when 
the f low r a t e  of t h e  l i q u i d  through the a p p a r a t u s  i s  cons ide red .  The 
t a b l e  h a s  columns on t h e  change i n  r e s i s t a n c e  and on the p e r c e n t  d i f -  
f e r e n c e  i n  t h e  r e s i s t a n c e  r ead ing  b e f o r e  and a f t e r  the contaminat ing  
c o i l .  W e  f e l t  t h i s  was more r e a l i s t i c  because  t h e  numbers a r e  l a r g e ,  
i n  t h e  range  of 1016 f o r  Freon and l o 7  f o r  i s o p r o p y l  a l c o h o l ;  t h u s ,  the 
p u r e  change i n  r e s i s t a n c e  i s  n o t  t o o  s i g n i f i c a n t .  

i s  n o t  n e c e s s a r i l y  tempera ture  s e n s i t i v e ,  e s p e c i a l l y  i n  t h e  s K o r t  range  

A R  % Chonge 

TABLE I 

Tef Ion 30.78 x IO" 51.4 

Change i n  S p e c i f i c  R e s i s t a n c e  of Freon 
and I s o p r o p y l  Alcohol  a f t e r  Con tac t  

w i th  Copper, Te f lon  and S t a i n l e s s  
S t e e l  a t  25°C 

\ 

FREON 

Copper 
Stainless Steel 

19.47 x IO" 63.0 
1 5 . 4 7 ~  IO" 54.7 

Tef Ion 0 . m  107 

Copper 3.57 x 107 

Stainless Steel 3 . m  107 

8.3 
43.5 
49.4 

It i s  i n t e r e s t i n g  t o  no te  t h a t  w i t h  the excep t ion  of i s o p r o p y l  
a l c o h o l  p a s s i n g  through T e f l o n ,  the  r e l a t i v e  change i n  the r e s i s t a n c e  
approached 50 p e r c e n t  i n  t h e  case  of b o t h  Freon and i s o p r o p y l  a l c o h o l .  
It a l s o  may be  s i g n i f i c a n t  t o  r e p o r t  t h a t  when w e  compared t h e  r e s u l t s  
of the p rev ious  work w i t h  t h e s e  d a t a ,  w e  f i n d  t h a t  w e  assumed p u r e  
Freon had a r e s i s t a n c e  of approximately 3.4 x 1016 ohm-cm a t  25°C; w e  
f i n d  t h a t  the Freon a t  No.  2 c e l l  under  the same c o n d i t i o n  h a s  a resist-  
ance  of 3.1 x 1016. T h i s  r e s i s t a n c e  dropped t o  1.1 x 1OI6 a f t e r  passage  
through the copper c o i l ,  1 . 3  x 1016 a f t e r  pas sage  through the s t a i n l e s s  
s t ee l  c o i l ,  and 1.4 x 1016 a f t e r  passage  through t h e  Te f lon  c o i l .  
t empera tu re  v a r i a t i o n  d i d  n o t  seem t o  have  a s i g n i f i c a n t  e f f e c t ,  b u t  
t h i s  may have t o  b e  s t u d i e d  f u r t h e r .  

The 
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When t h e s e  experiments  were conducted,  an  a t t empt  was made t o  
t es t  f o r  copper  i n  the s o l v e n t  t h a t  had been i n  c o n t a c t  w i t h  the  copper  
c o i l ,  and i r o n  i n  t h e  s o l v e n t  t h a t  had been i n  c o n t a c t  w i t h  the  s t a i n -  
less s tee l  c o i l .  Though the method used f o r  copper  should  have been 
s e n s i t i v e  i n  t h e  r a n g e  of a f r a c t i o n  of a p a r t  p e r  b i l l i o n ,  w e  found 
no i n d i c a t i o n  of any copper .  L ikewise ,  w e  found no d e t e c t a b l e  i r o n .  
These c o l o r m e t r i c  methods of d e t e c t i o n  of i o n s  c e r t a i n l y  cannot  be  con- 
s i d e r e d  t o o  good i f  w e  a r e  concerned w i t h  molecu la r  contaminat ion  i n  
the t r u e  sense .  

An examination of t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  of a s i n g l e  
e l e c t r o n  m i g h t  be  cons ide red  a t  t h i s  p o i n t ,  s i n c e  there  may b e  cons id -  
e r a b l e  s i g n i f i c a n c e  t o  the e l e c t r i c a l  cha rge  of a s i n g l e  i o n  and a 
q u a n t i t a t i v e  deduct ion on t h e  p u r i t y  of t h e  s o l v e n t .  I f  i t  i s  assumed 
t h a t  t h e  charge  on the e l e c t r o n  i s  4.8 x 10-10 e l e c t r o s t a t i c  u n i t s ,  one 
may c o n v e r t  t h i s  t o  1.58 x 10-19 amp-seconds p e r  e l e c t r o n .  I f  w e  go 
one s fgp  f u r t h e r ,  w e  can conclude t h a t  a s o l v e n t  having  a r e s i s t a n c e  
of 10 ohm-cm, measured a t  a v o l t a g e  of 10-3 would have  an amperage 
of 10-19, which i s  approximately e q u i v a l e n t  t o  1 e l e c t r o n .  Likewise 
a r e s i s t a n c e  of 1016 wi th  a v o l t a g e  of l / l O t h  would have  an amperage 
of L O - 1 7 ,  roughly e q u i v a l e n t  t o  60 e l e c t r o n s .  It i s  q u i t e  p o s s i b l e ,  
t h e r e f o r e ,  t h a t  w e  a r e  a c t u a l l y  measuring molecules  of i m p u r i t i e s  i n  
the Freon which would be  comple te ly  unde tec t ed  by o t h e r  t echn iques .  

W e  a r e  a l s o  aware of t h e  f a c t  t h a t  a p o l a r  s o l v e n t ,  such  a s  
i s o p r o p y l  a l c o h o l  w i t h  a measured r e s i s t a n c e  i n  the r a n g e  of l o 7  would,  
by i t s  n a t u r e ,  have a measurement of approximate ly  1010 molecules  be-  
cause  of the i n h e r e n t  d i s a s s o c i a t i o n  of the i s o p r o p y l  a l c o h o l  molecules .  
W e  a l s o  n o t e  t h a t  the i s o p r o p y l  a l c o h o l  shows a c o n s i d e r a b l e  drop i n  
r e s i s t a n c e  wi th  pas sage  through the two m e t a l s ,  b u t  n o t  through the 
Tef lon ,  i n d i c a t i n g  t h a t  the i m p u r i t i e s  p icked  up from the Tef lon  a r e  
unimpor tan t  when compared t o  the number of molecules  a l r e a d y  d i s -  
a s s o c i a t e d  i n  the l i q u i d .  

Being aware of t h e  p i t f a l l s  involved  i n  measuring very  h i g h  res i s t -  
a n c e s ,  w e  cons idered  t h e  p o s s i b i l i t y  t h a t  t h i s  r e s i s t a n c e  might be  
a l t e r e d  merely by the s t reaming p o t e n t i a l  of the  l i q u i d  p a s s i n g  through 
the t u b i n g .  On the  o t h e r  hand,  ou r  p rev ious  work showed t h a t  the res i s t -  
ance  d i d  n o t  change a p p r e c i a b l y  w i t h  a change i n  f l ow r a t e  over  a f a i r l y  
wide r ange ,  which tends  t o  l e s s e n  our  concern  i n  t h i s  a r e a .  W e  a l s o  
r e a l i z e  t h a t  p a r t i c u l a t e  m a t t e r ,  when suspended i n  a nonconduct ing 
l i q u i d ,  w i l l  s e t  up a p o t e n t i a l  i n  t h i s  l i q u i d ,  It i s ,  t h e r e f o r e ,  
p o s s i b l e  t h a t  p a r t i c u l a t e  m a t t e r  might b e  r e s p o n s i b l e  f o r  the  appa ren t  
change i n  r e s i s t a n c e .  S i m i l a r l y ,  molecules  of o rgan ic  m a t t e r  d i s -  
so lved  i n  t h e  s o l v e n t  might change the r e s i s t a n c e  merely by t h e i r  
p re sence  i n  t h e  e l e c t r i c a l  f i e l d  of the c e l l .  

Though w e  do n o t  f e e l  t h a t  w e  have proved t h a t  the r e s i s t a n c e  of 
the s o l v e n t s  t e s t e d  v a r i e s  q u a n t i t a t i v e l y  w i t h  any p a r t i c u l a r  impur i ty ,  
w e  do f e e l  t h a t  i t  i s  s a f e  t o  assume t h a t  s o l v e n t s  i n  c o n t a c t  w i th  a 
s o l i d  w i l l  become contaminated by t h a t  s o l i d  t o  a deg ree .  We a l s o  f e e l  
t h a t  t h i s  contaminat ion  can b e  measured by measuring the r e s i s t a n c e  of 
the s o l v e n t ,  and t h a t  the users of the v a r i o u s  s o l v e n t s  can q u i t e  
e a s i l y  set up s t a n d a r d s  based on r e s i s t a n c e  measurements. 

- I  
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It would b e  the r e s p o n s i b i l i t y  of each p rocess  eng inee r  t o  
deve lop  h i s  own s t a n d a r d s  based on the p r a c t i c a l  r e c o g n i t i o n  of  the 
f a c t  t h a t  one m u s t  b e  a b l e  t o  produce the s o l v e n t  of the s t a n d a r d  
r e q u i r e d  a t  the s i t e ,  o r  one must have a method of t r a n s p o r t i n g  i t  t o  
t he  p o i n t  of u s e  i n  the uncontaminated s t a t e .  Our in fo rma l  check on 
the r e s i s t a n c e  of  purchased ,  h igh  g rade  s o l v e n t s  a s  ob ta ined  from the 
c o n t a i n e r ,  i n d i c a t e  t h a t  the  c o n d u c t i v i t y  v a r i e s  widely from b a t c h  t o  
b a t c h  and t h a t  most of t h e m  a r e  q u i t e  contaminated i f  the comparison 
between the c o n d u c t i v i t y  of f r e s h l y  d i s t i l l e d  s o l v e n t  i s  made w i t h  
t h a t  same l i q u i d  a f t e r  i t  h a s  been s t o r e d  i n  a c o n t a i n e r .  W e  s t r o n g l y  
suggest t h a t  one should  n o t  overlook t h i s  r e l a t i v e l y  inexpens ive ,  s imple  
approach t o  the d e t e c t i o n  of contaminants  i n  s o l v e n t s .  

67 



I N68-2933 

6 .  CONTAMINATION EFFECTS AND CONTROLS I N  SATURN 
LAUNCH VEHICLE HYDRAULIC SYSTEMS 

i 0 ;  

V i c t o r  R .  Nei land 

P resen ted  by 

F.  J .  BEYERLE 
Propuls ion  and Vehicle Engineer ing  Labora tory  

Marsha l l  Space F l i g h t  Cen te r  
H u n t s v i l l e ,  Alabama 

A b s t r a c t  

Unl ike  i n d u s t r i a l  o r  a i r c r a f t  l i q u i d  sys tems,  man-rated launch 
v e h i c l e  systems m u s t  always f u n c t i o n  t o  i n s u r e  a s u c c e s s f u l  and s a f e  
mis s ion .  
c o n t r o l  of SATURN h y d r a u l i c  systems i s  p resen ted .  C o n t r i b u t o r s  t o  
contaminat ion  and contaminat ion  t o l e r a n c e  l e v e l s  a r e  d i s c u s s e d .  The 
contaminat ion  c o n t r o l  approach evolved and employed f o r  the SATURN 
h y d r a u l i c  systems i s  a l s o  p r e s e n t e d .  

The background and p r e s e n t  concept  r e l a t i n g  t o  contaminat ion  

I n t r o d u c t i o n  

F l u i d  system contaminat ion  became an a c u t e  problem d u r i n g  the 
development of a b a l l i s t i c  m i s s i l e  about  10 y e a r s  ago. From then  u n t i l  
now, t h e  aerospace  i n d u s t r y  h a s  accepted  the contaminat ion  c h a l l e n g e  
and a decade l a t e r  i s  f i n a l l y  a b l e  t o  unders tand  and e f f e c t i v e l y  c o n t r o l  
i t .  

Only r e t r o s p e c t i v e l y  can one a p p r e c i a t e  t h e  p r o g r e s s  made i n  t h i s  
f i e l d  d u r i n g  t h e  p a s t  decade.  F i g u r e  1 shows a t y p i c a l  h y d r a u l i c  system 
of 10 y e a r s  ago. Ground equipment c l eaned  and purged the on-board hy- 
d r a u l i c  system, 
sys tem,  the  r e s u l t i n g  network was d i f f i c u l t  t o  purge .  
and r e s t r i c t i n g  branches  were p r e s e n t .  
o p e r a t i o n s  t o  l a s t  f o r  40 hours .  Ground f i l t r a t i o n  of the  low micron 
d e p t h  t y p e  was n o t  g e n e r a l l y  a v a i l a b l e  f o r  medium p r e s s u r e  systems.  
The Whatman method of  de t e rmin ing  contaminat ion  l e v e l s  d i d  n o t  g i v e  
c o n s i s t e n t  r e s u l t s  s i n c e  some contaminat ion  became obscured w i t h i n  the 
sample p a t c h .  

S i n c e  a number of f e a t u r e s  were "added on" t o  the  
Many "dead ends" 

It was n o t  unusua l  f o r  c l e a n i n g  
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Even though w i r e  m e s h  f i l t e r s  w e r e  a v a i l a b l e ,  they w e r e  poorly 
designed from a s t r u c t u r a l  s tandpoin t  and w e r e  capable  of media migra- 
t i o n .  Other media w e r e  t r i e d  with poor r e s u l t s  (see F igure  2 ) .  

Figure 2 .  F a i l u r e  of s i n t e r e d  bronze f i l t e r  
elements a f t e r  v i b r a t i o n  

Servo valves were very s e n s i t i v e  compared t o  components t h a t  a r e  
c u r r e n t l y  ava i l ab le .  "Built-in" contamination was no t  unusual. Valves 
used f o r  sampling t h e  system added considerably t o  the system level .  
Sampling was done a t  manifolds f a r  removed from the s e n s i t i v e  component 
and p e r i o d i c a l l y  "unloaded" contaminant s o  t h a t  the sample was not  
r e l i a b l e .  

The hydraul ic  i ndus t ry  was not  a b l e  t o  a i d  t h e  p l i g h t  of the 
u s e r ,  s i n c e  l i t t l e  had been done t o  i n v e s t i g a t e  t h i s  a rea .  Component 
c l ean ing  was considered t i m e  consuming and c o s t l y .  Clean rooms were 
i n  t h e i r  infancy.  Hydraulic components w e r e  no t  r e a d i l y  a v a i l a b l e  
and up ra t ing  and modif icat ion of e x i s t i n g  i t e m s  w e r e  f r equen t ly  
r equ i r ed .  

70 

Sources and Ef fec t s  of Contamination 

Contamination becomes a p a r t  of a f l u i d  system i n  one of three 
ways: 

1. Generated 

2 .  Bu i l t - i n  

3 .  Environment 



Generated contaminat ion i s  formed by any dynamic mechanism, such a s  a 
pump, accumulator ,  o r  a c t u a t o r .  This m a t e r i a l  can b e  formed by wear,  
e r o s i o n ,  c a v i t a t i o n ,  o r  ab ras ion .  The m i g r a t i o n  of f i l t e r  media under  
c e r t a i n  environmental  s t i m u l i  c an  g e n e r a t e  contaminants .  Another form 
of  genera ted  contaminat ion i s  caused by t h e  breakdown of the f l u i d  o r  
i t s  i n t e r a c t i o n  w i t h  o t h e r  subs t ances  w i t h i n  t h e  system. I l l u s t r a t i o n s  
of g e n e r a t e d  contaminat ion  can b e  seen i n  F i g u r e  3 .  

"Buil t - in"  contaminants  can b e  c o n t r o l l e d  by b e t t e r  p r o c e s s i n g  
of  components. P a r t i c l e s  l e f t  over f r o m  manufactur ing o p e r a t i o n s ,  such 
a s  machining c h i p s  and b u r r s ,  weld s l a g ,  l app ing  compound, s c a l e ,  o x i d e s ,  
c o r r o s i o n  p r o d u c t s ,  l u b r i c a n t s ,  waxes, r e s i d u a l  f l u i d s ,  and m a t e r i a l  
i n t r o d u c e d  by ground u n i t s  a r e  s o u r c e s  f o r  t h i s  t y p e  of contaminants .  
Examples of i n t e r n a l  contaminat ion a r e  shown i n  F i g u r e  4 .  

system i s  s e r v i c e d  o r  a c t u a t e d  c o n s t i t u t e s  a n o t h e r  s o u r c e  of contamin- 
a t i o n .  During o p e r a t i o n ,  m a t e r i a l  can e n t e r  through v e n t s ,  f i l l i n g  
p o r t s ,  a c t u a t o r  p i s t o n s ,  o r  relief v a l v e s .  

The l a s t  two t y p e s  of contaminat ion can  b e  minimized by an effec- 
t i v e  program of component c l e a n i n g  and system s e r v i c i n g  i n  a c o n t r o l l e d  
working a r e a .  Generated contaminant can b e  reduced by component d e s i g n  
changes ,  m a t e r i a l  s u b s t i t u t i o n s ,  p r o t e c t i v e  f i n i s h e s ,  c a r e f u l  acceptance  
tests,  i n v e s t i g a t i n g  abnormal c o n d i t i o n s  and t a k i n g  c o r r e c t i v e  a c t i o n .  

d e g r e e  of c l e a n l i n e s s  a t  any s p e c i f i c  t i m e  r e s u l t i n g  from b u i l t - i n  
contaminant ,  g e n e r a t e d  contaminant ,  envi ronmenta l  contaminant ,  and 
contaminant  removed from t h e  system by f i l t r a t i o n  (see F i g u r e  5B). 

the i n g r e d i e n t s  t h a t  go t o  make up the system and i t s  o p e r a t i o n a l  mode. 
These f a c t o r s  and t h e  c o n s i d e r a t i o n s  a s s o c i a t e d  w i t h  them a r e  a s  fo l lows :  

Contamination in t roduced  from t h e  o u t s i d e  environment when the 

Thus, t h e  contaminat ion  level of a dynamic f l u i d  system i s  the 

The s e n s i t i v i t y  o r  t o l e r a n c e  leve l  of  a system i s  determined by 

1. Component c o n f i g u r a t i o n :  
element des ign  
c l e a r a n c e s  
s u r f  a c e  f i n i s h e s  

2 .  Component m a t e r i a l s :  
s ea  Is 
moving p a r t s  
b e a r i n g s  
hous ings  and s l e e v e s  

3 .  O p e r a t i o n a l  requirements:  
speed 
p r e s s u r e  
tempera ture  
v i b r a t i o n ,  surge 
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Figure 3. Generated contamination 
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A. FIBER M A T  C A U S I N G  RELIEF 
VALVE TO FAIL  OPEN 

B .  WIRES FOUND DOWNSTREAM OF 
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C. LUBRICANT IN FILTER 
M A N  I FOL 0 

D. CUT 0 - R l N O  IN FILTER 
ELEMENT C A V I T Y  

Figure 4 .  Built-in contamination 
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4 .  F l u i d  p r o p e r t i e s :  
v i s c o s i t y  
f i l m  s t r e n g t h  
s u r f a c e  t e n s i o n  

These f a c t o r s  d e f i n e  the p h y s i c a l  l i m i t a t i o n s  of a h y d r a u l i c  sys tem 
and w i l l  determine how s e n s i t i v e  the  sys tem w i l l  b e  and what contam- 
i n a t i o n  c o n t r o l s  a r e  r e q u i r e d  f o r  s a t i s f a c t o r y  and r e l i a b l e  o p e r a t i o n  
(see F i g u r e  5 A ) .  

COMPONENT CONFIGURATION 

COMPONENT MATERIALS 

OPE RATION A L R EOUl RE MENTS TOLERANCE LEVEL LIM ITAT IONS 

FLU10 PRO9 ERTY 

F i g u r e  5A.  C o n t r i b u t o r s  t o  the system contaminant  
t o l e r a n c e  l e v e l  

GE N ER ATE D CONTA M I N A N  T FILTER CONTAMINATE 

E NV I RON ME NTA L CONTA MI N A N  T 

BUILT IN  CONTAMINANT 

SYSTEM CONDITIONS 

F i g u r e  5 B .  C o n t r i b u t o r s  t o  the  system 
contaminat ion  leve l  

Hydraul ic  pumps a r e  g e n e r a l l y  cons ide red  one of the major con- 
t r i b u t o r s  t o  contaminat ion i n  a h y d r a u l i c  system. F i g u r e  6 shows a 
c h a r a c t e r i s t i c  pump contaminant  g e n e r a t i o n  t i m e  curve. Pumps used f o r  
Sa tu rn  u s u a l l y  a r e  s u b j e c t e d  t o  12  t o  15 hour s  of t e s t i n g  d u r i n g  manu- 
f a c t u r e  and acceptance.  This p l a c e s  the pumps on the d e c r e a s i n g  o r  
lowes t  p o r t i o n  of the  cu rve .  



BREAK-IN 
PERIOD 

STEADY STATE 

PERIOD 

0 25 700 750 

O P E R A T I N G  T I M E  (HOURS) 

F i g u r e  6. Contaminant g e n e r a t i o n  
pe r iods  f o r  pumps 

I n  most s e l f - c o n t a i n e d  h y d r a u l i c  sys t ems ,  t h e  l a r g e  p a r t i c l e s  
a r e  u s u a l l y  w e l l  c o n t r o l l e d  by r e c i r c u l a t i n g  f l o w  through f i l t e r s .  
However, many a r e a s  i n  t h e  system a r e  v u l n e r a b l e  t o  p a r t i c l e s  below 
5 microns i n  the form of s i l t ,  e s p e c i a l l y  i f  t hey  a r e  m e t a l l i c .  
t y p i c a l  c l e a r a n c e s  encountered i n  h i g h  performance h y d r a u l i c  systems 
a r e  shown i n  F i g u r e  7A, and va lve  s i l t i n g  t i m e  v e r s u s  f l u i d  contaminant 
l eve l  i n  F i g u r e  7B. Recent work done a t  Oklahoma S t a t e  U n i v e r s i t y 1  
h a s  shown t h a t  c a r b o n y l  i r o n  can c a u s e  s p o o l s  t o  s t i c k  more r e a d i l y  
t h a n  AC f i n e  d u s t .  The d i l u t i o n  of the c a r b o n y l  i r o n  contaminat ion 
w i t h  AC d u s t  w i l l  i n h i b i t  va lve  s t i c k i n g .  F o r  s i l t  t o  have  a p a r t i c u -  
l a r l y  damaging e f fec t ,  it must be tuned t o  t h e  c r i t i c a l  s p o o l  c l e a r -  
ance .  F i g u r e  8 shows a h y d r a u l i c  pump p i s t o n  which broke  o f f  from the 
r o t a t i n g  group because of s t i c k i n g  caused by contaminat ion.  

Some 

S a t u r n  Hydraul ic  Systems - D e s c r i p t i o n  

F i g u r e  9 shows the t h r e e  S a t u r n  launch v e h i c l e  c o n f i g u r a t i o n s .  
S a t u r n  I i s  a two-stage vehicle t h a t  s e r v e d  a s  a t es t  bed f o r  t h e  
e v o l v i n g  S a t u r n  f a m i l y .  An improved S a t u r n  I ,  which c o n t a i n s  a power- 
f u l  s-IVB s t a g e ,  i s  i d e n t i f i e d  a s  t h e  u p r a t e d  S a t u r n  I. F i n a l l y ,  
S a t u r n  V i s  a 3 - s t a g e  vehicle designed t o  p r o p e l  the  Apollo modules t o  
the moon. F i g u r e  10 shows s o m e  of t h e  s a l i e n t  f e a t u r e s  of t h i s  v e h i c l e .  

'Fluid Power and C o n t r o l s  Laboratory;  D r .  E.  C. F i t c h  - D i r e c t o r  
Study of F i l t r a t i o n  Mechanics and Sampling Techniques; NAS8-11009. 
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Sa tu rn  launch v e h i c l e  h y d r a u l i c  systems f u r n i s h  f l u i d  power t o  
gimbal  vehicle engines  f o r  thrust  v e c t o r  c o n t r o l .  An independent ,  
c l o s e d  loop system with b u i l t - i n  checkout  c a p a b i l i t y  i s  i n s t a l l e d  on 
o r  n e a r  each  gimbaled engine  of the S-IB, S - I 1  and S-IVB s t a g e s .  Each 
system c o n s i s t s  of a main h y d r a u l i c  pump (eng ine  d r i v e n ) ,  an  a u x i l i a r y  
h y d r a u l i c  pump ( e l ec t r i c  motor d r i v e n ) ,  an accumula to r - r e se rvo i r  module, 
and t w o  s e r v o a c t u a t o r s .  These components a r e  i n t e r c o n n e c t e d  by tub ing  
and f l e x i b l e  hose a s sembl i e s .  F i g u r e s  11, 12 and 13 i l l u s t r a t e  these 
f e a t u r e s .  

The S-1C s y s t e m  i n i t i a t e d  and developed by MSFC i n  1962 d e p a r t s  
somewhat from the  c losed- loop  concept .  A t  eng ine  s t a r t ,  t h e  engine  
turbopump a c c e l e r a t e s ,  r a i s i n g  the f u e l  d i s c h a r g e  p r e s s u r e  above the 
ground supply  p r e s s u r e  and c y c l i n g  the f i l t e r  mani fo ld  check v a l v e s .  
During f l i g h t ,  f u e l  (RP-1) remains the source  of f l u i d  power t o  the 
s e r v o  a c t u a t o r s ,  This approach was taken  f o r  the fo l lowing  r easons :  

1. Accessory power pad f o r  h y d r a u l i c  pump would add 
complexity and weight. 

2 .  Ground system would b e  a v a i l a b l e  t o  s t a r t  r o c k e t  
engines .  

3 .  High p r e s s u r e  RP-1 f u e l  sou rce  was a v a i l a b l e  
(17-1900 p s i )  from t h e  turbopump. 

4 .  Accumulator-reservoir  and a s s o c i a t e d  v a l v i n g  
i s  not  r e q u i r e d  from a f u n c t i o n a l  s t a n d p o i n t .  

U n t i l  eng ine  s t a r t ,  ground supply  f l u i d  p a s s e s  through the f i l t e r  mani- 
f o l d  and t o  the s e r v o  a c t u a t o r s .  This system c o n s i s t s  of two servo-  
a c t u a t o r s ,  an upstream f i l t e r  man i fo ld ,  and connec t ing  supply and 
r e t u r n  d u c t i n g .  

Contaminat ion Con t ro l  of Sa tu rn  Hydraul ic  Systems 

The new gene ra t ion  of h y d r a u l i c  systems a t tempted  t o  minimize the 
contaminat ion  problem by u s i n g  a many f a c e t e d  approach.  Poss ib ly  the 
key and most impor tan t  c o n t r i b u t i o n  t o  the  problem was the development 
and i n d u s t r y  w i d e  implementat ion of the SAE ARP 598 p a r t i c l e  coun t ing  
method, which provided a r e f e r e n c e  s t a n d a r d  t echn ique  i n  a d d i t i o n  t o  
an a b s o l u t e  method f o r  de te rmining  t h e  deg ree  of  system contaminat ion .  

"Bui l t - in"  contaminant  i s  g r e a t l y  minimized by c l e a n i n g  of a l l  
components be fo re  assembly i n  accordance w i t h  s p e c i f i c a t i o n  MSFC-PROC- 
166, o r  i t s  e q u i v a l e n t  (see Table  I).  System l e v e l s  f o r  Sa tu rn  hy- 
d r a u l i c  systems a r e  a l s o  s p e c i f i e d  (see Tab le  11). 



81 



82 

Y 

-r.)--l// - m y -  

F i g u r e  1 2 .  E n g i n e  g i m b a l  s y s t e m  
s c h e m a t i c  



Figure 13. S-IVB e n g i n e  gimbal sys tem 
schemat ic  
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TABLE I 
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IB 1c 

X 

X 

X 
X 

X 

X 

SAMPLE 

VOLUME 
I I T E M  1 

11 1VI 

x x  

x x  

x x  

I. SERVICER BEFORE 

CONNECTING TO 

VEHICLE SYSTEM 

2. SUPPLY TO 

ONBOARD SYSTEM 

FLIGHT MODE 
GROUND MODE 

PARTICLE SIZE (MICRONS) I S A T U R N  

l O O M L  

l O O M L  

TABLE I1 

S p e c i f i c a t i o n  L i m i t s  f o r  Hydrau l i c  Systems 
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Environmental  contaminant i s  c o n t r o l l e d  by l i m i t i n g  ground systems 
t o  f i l l i n g  and replacement  of key components. O p e r a t i o n a l  check-outs 
a r e  performed, u s i n g  "on-board" components. F i g u r e  14 shows t h e  g r a d u a l  
r e d u c t i o n  of o p e r a t i o n  t i m e  f o r  the f i r s t  16 H - 1  Engine Gimbal sys t ems ,  
d u r i n g  f l u s h i n g  and purging.  "Open opera t ion"  refers t o  t h e  t i m e  t h e  
p r e f i l t r a t i o n  bypass v a l v e  p reven t s  h y d r a u l i c  o i l  from going through the 
s e r v o  v a l v e ,  t h e r e b y  p reven t ing  e n t r a n c e  of  contaminat ion  t h a t  may have 
been picked up i n  o t h e r  p o r t i o n s  of t h e  system. Closed o p e r a t i o n  i s  the 
normal mode w i t h  f l u i d  f lowing  through the servo va lve .  

0 4  , 
SA-1 SA-1 SA-3 SA-4 

SATUIN VEMKLES 

F i g u r e  14. Average purging and f l u s h i n g  t i m e  f o r  f o u r  
S a t u r n  h y d r a u l i c  systems 

Superc leaning  of h y d r a u l i c  f l u i d  b e f o r e  i t  i s  i n c o r p o r a t e d  i n t o  
the ground system i s  an important  c o n s i d e r a t i o n .  A d d i t i o n a l  c l e a n i n g  
and c i r c u l a t i o n  i s  accomplished w i t h i n  the s e r v i c e r .  High-capaci ty  
d e p t h  f i l t e r s  a r e  employed. Another major  c o n s i d e r a t i o n  i s  g r e a t e r  
s c r u t i n y  of h y d r a u l i c  components d u r i n g  incoming and i n - p l a n t  acceptance  
tests t o  v e r i f y  a c c e p t a b i l i t y  from an o p e r a t i o n a l  and contaminat ion  
s t a n d p o i n t .  

Systems a r e  t e s t e d  a t  s p e c i f i e d  contaminat ion  l e v e l s  f o r  many hour s  
t o  g a i n  conf idence  t h a t  the system w i l l  r e l i a b l y  o p e r a t e  f o r  t h e  neces-  
s a r y  minutes  i n  f l i g h t .  I n  a d d i t i o n ,  f l i g h t  t y p e  hardware h a s  under-  
gone hundreds of  h o u r s  of  c losed system o p e r a t i o n .  Pumps and f i l t e r s  
have  a l s o  been t e s t e d  a s  components and s u b j e c t e d  t o  f l i g h t  environments.  
F i g u r e  15 shows t h e  composi te  v i b r a t i o n  spectrums t h a t  t h e  major  compo- 
n e n t s  a r e  s u b j e c t e d  t o .  F i l t e r s  have  shown a performance degrada t ion  
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when s u b j e c t e d  t o  v i b r a t i o n  and su rge .  The hous ing  can become a major  
g e n e r a t o r  of contaminatLon when it  i s  undergoing f l i g h t  v i b r a t i o n .  To 
account  f o r  t h i s  added i n f l u e n c e  on contaminat ion  level,  c o n s e r v a t i v e  
system levels a r e  s p e c i f i e d .  
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Figure  15. Sa tu rn  h y d r a u l i c  components 
v i b r a t i o n  l e v e l s  

Programs conducted and sponsored t o  improve contaminat ion  con- 
t r o l s  f o r  f l u i d  power systems a r e  a s  fo l lows :  

1. Evalua t ion  of  v a r i o u s  types  of f i l t e r s  and media. 

2 .  Hydraul ic  component tes ts  t o  de t e rmine  contaminant  

3 .  Eva lua t ing  and t e s t i n g  au tomat ic  p a r t i c l e  c o u n t e r s ,  

gene ra t ion  and t o l e r a n c e  l e v e l .  

contaminat ion  mon i to r s ,  and s i l t i n g  index  dev ices .  
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A number of des ign  improvements of t h e  hardware enabled a d d i t i o n a l  
g a i n s  t o  b e  made. Seven of t h e s e  a r e  a s  fo l lows :  

1. 

2. 

3 .  

4 .  

5 .  

6. 

7. 

By employing f u l l y  supported f i l t e r s  , c a n t i l e v e r e d  o r  
r e s o n a t i n g  ends w e r e  avoided.  F i g u r e  16 shows a f i l t e r  
element which can be  p r o p e r l y  suppor t ed .  The r e l e a s e  
of MIL-F-8815 a l s o  pe rmi t t ed  a b e t t e r  component t o  b e  
s p e c i f i e d .  ARP 599 became a successful method f o r  
c l e a n i n g  and monitor ing f i l t e r  c l e a n l i n e s s .  

Employment of a s t anda rd  f l u i d  sampling v a l v e  f o r  a l l  
S a t u r n  systems i s  a requirement .  Work done by s e v e r a l  
r e s e a r c h  o r g a n i z a t i o n s  showed t h i s  v a l v e  t o  b e  adequate  
f o r  t h e  t a k i n g  of r e p r e s e n t a t i v e  samples.  

A double  s e a l e d ,  vented accumulator  has become s t a n d a r d  
f o r  t h e s e  sys t ems ,  s i n c e  i t  p r e v e n t s  n i t r o g e n  from 
g e t t i n g  by t h e  dynamic p i s t o n  s e a l  i n t o  the o i l .  This 
a l s o  made the use of a ground s e r v i c e r  unnecessary.  

Monitors f o r  f i l t e rs ,  such a s  d i f f e r e n t i a l  p r e s s u r e  
t r a n s d u c e r s  and i n d i c a t o r s  , have been employed f o r  key 
f i l t e r  elements .  

A p r e c i s i o n  MC f i t t i n g  i s  used e x t e n s i v e l y  on a l l  the 
h y d r a u l i c  systems. 
employed t o  minimize l eakage ,  a secondary b e n e f i t  t o  
b e  d e r i v e d  from i t s  use i s  t h e  minimal contaminat ion  
g e n e r a t i o n  r a t e  t h a t  can b e  expected d u r i n g  assembly 
and use. 
f i t t i n g  c o n t r i b u t e s  t o  t h e  o v e r a l l  contaminat ion 
c o n t r o l  program. 

Aerospace pumps and s e r v o - a c t u a t o r s  have been improved 
on t h e  component l e v e l .  "Contaminant t o l e r a n t "  pumps 
and v a l v e s  a r e  a v a i l a b l e .  M a t e r i a l s  now b e i n g  used i n  
pumps have less tendency t o  e rode  o r  wear.  Harder 
s u r f a c e s  a r e  employed i n  c r i t i c a l  a r e a s .  F i l t e r s  a r e  
i n c l u d e d  i n  pump modules. 

Some g e n e r a l  improvements have  been made i n  s e r v o  v a l v e s  
t h a t  h e l p  t o  combat t h e  contaminat ion  problem: These 
i n c l u d e  f l u i d  i s o l a t i o n  of t h e  t o r q u e  motor;  e l i m i n a t i o n  
of a s i n g l e  stage s i n t e r e d  bronze f i l t e r s  i n  f a v o r  of  a 
w e l l  supported mesh type element;  and mechanica l  f e e d -  
back between the spool  and v a l v e  f i r s t  s t a g e .  
h i g h e r  elec t r i c a  1 power i n p u t  of t h e  mechanica 1 feedback 
a c t u a t o r  used i n  Saturn V r e s u l t e d  i n  improved contamina- 
t i o n  t o l e r a n c e  and h ighe r  s p o o l  d r i v i n g  f o r c e s .  

Since t h e  f i t t i n g  i s  p r i m a r i l y  

The s p e c i a l  c a r e  and h a n d l i n g  g iven  t h i s  

The 

Valve r e l i a b i l i t y  f o r  t h e  S-IVB i s  c a r r i e d  f u r t h e r  by use of  
m u l t i p l e  components. It i s  e s t ima ted  t h a t  t h i s  redundancy improves t h e  
s e r v o  v a l v e  r e l i a b i l i t y  by 2 0  f o l d .  Some of t h i s  g a i n  can b e  a p p l i e d  
t o  contaminat ion  c o n t r o l ,  s i n c e  many of t h e  c r i t i c a l  e l emen t s ,  such  a s  
p i s t o n s ,  o r i f i c e s  and n o z z l e s  a r e  made redundant .  S i n c e  the S-IVB 
S t a g e  i s  n o t  mul t i -engine ,  t h i s  concept  a p p e a r s  t o  have  a number of  
obvious advantages.  
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Figure  16.  Well suppor ted  f i l t e r  e lement  

P o s s i b l y  the  best  example of  implementing a comprehensive contam- 
i n a t i o n  c o n t r o l  program i s  i l l u s t r a t e d  by t h e  S-I1 eng ine  a c t u a t i o n  
system b u i l t  by North American. The bui ld-up  and i n s t a l l a t i o n  sequence 
i s  shown i n  F igu re  17 .  Components a r e  thoroughly  f l u s h e d  w i t h  c l e a n  
h y d r a u l i c  o i l  i n  a d u s t - c o n t r o l l e d  a r e a .  During the  f l u s h i n g  p rocedure ,  
the  components a r e  v i b r a t e d  on shake  t a b l e s  t o  loosen  contaminants .  A l l  
t h e  major  components a r e  a c t u a t e d  t o  f l u s h  f l u i d  through t h e m .  A l l  com- 
ponen t s ,  l i n e s ,  f i t t i n g s  a r e  assembled i n t o  the system b e f o r e  s t a g e  
i n s t a l l a t i o n  . 

The completed system i s  then  f l u s h e d  i n  two phases ,  f i r s t ,  w i t h  
t h e  a c t u a t o r  p r e f i l t r a t i o n  v a l v e s  open, and t h e n  w i t h  t h e m  c l o s e d .  
A f t e r  the f i r s t  phase,  f l u i d  samples a r e  taken  upstream of the a c t u a t o r s  
t o  v e r i f y  the contaminat ion l e v e l  and a f t e r  the second phase ,  samples 
a r e  taken  downstream of the a c t u a t o r s .  The e n t i r e  system i s  moved o u t  
of t h e  c l e a n  room on i t s  i n s t a l l a t i o n  f i x t u r e  and i n s t a l l e d  on the s t a g e .  
No f l u i d  l i n e s  a r e  d i s t u r b e d  i n  the  p rocess  and the system remains i n  a 
s e a l e d  c o n d i t i o n  through checkout ,  s t a t i c  f i r i n g ,  and l aunch ,  u n l e s s  a 
ma j o r  h y d r a u l i c  component needs t o  b e  r e p l a c e d .  

on the S-IB h y d r a u l i c  system. It should  be  no ted  t h a t  the  S-I1 and 
S-IVB systems a r e  a l s o  meet ing  t h i s  level .  

One of the major  problems r e l a t i n g  t o  the  S-1C f l u i d  power system 
was the unknown f a c t o r  involved  i n  u s i n g  the p ropu l s ion  eng ine  p r o p e l l a n t  
(214,000 g a l l o n s )  a s  the o p e r a t i n g  f l u i d .  Contaminat ion c o n t r o l  became 
an impor t an t  a spec t  of t h i s  problem and a l s o  became a fo rmidab le  argument 
a g a i n s t  u s i n g  a d i r e c t  p r o p e l l a n t  b l eed  system. Here a g a i n ,  e x i s t i n g  
s p e c i f i c a t i o n s  were employed, w i t h  impor t an t  r e l a x a t i o n s  because  of the 
decreased  s e n s i t i v i t y  of the s e r v o - a c t u a t o r s  and the absence  of i n t e r n a l  
g e n e r a t o r s ,  such a s  pumps o r  accumula tors .  System f i l t e r s  m u s t  b e  a b l e  
t o  ma in ta in  a s a f e  contaminat ion  level i n  a s i n g l e  p a s s  while the  pre-  
v i o u s l y  d i scussed  systems cou ld  do t h i s  d u r i n g  m u l t i p l e  c y c l e s .  C a r e f u l  
c o n t o l  of f u e l  tank c l e a n i n g  and f l u i d  f u r n i s h e d  t o  t h e  v e h i c l e  enabled  
the des ign  o b j e c t i v e s  t o  b e  m e t .  The ground system f l u i d  was c o n t r o l l e d  
t o  a more s t r i n g e n t  l eve l  s o  t h a t  l eng thy  check-outs  and c o l d  g imbal ing  
cou ld  b e  achieved wi thou t  impa i r ing  o r  degrading  the f l i g h t  system. 

F i g u r e  18 shows the s p e c i f i c a t i o n  sys tem l e v e l  which i s  b e i n g  m e t  
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F i g u r e  18. S - I  h y d r a u l i c  system contaminat ion  levels 

A back-up concept  cons ide red  f o r  t h e  S-1C system was t h e  "wash 
f i l t e r "  shown i n  F i g u r e  19 .  Here the  f i l t e r e d  f low was tapped-off  f o r  
the a c t u a t i o n  s y s t e m  while the main f low washed the  contaminants  down- 
s t r eam i n t o  the turbopump. With t h i s  f i l t e r ,  very h i g h l y  contaminated 
f l u i d  from t h e  tanks could  b e  conve r t ed  t o  c l e a n  f l u i d  f o r  the eng ine  
s e r v o - a c t u a t o r s .  T e s t s  were conducted t o  v e r i f y  t h i s  concep t ,  b u t  
conven t iona l  f i l t r a t i o n  a s  d e s c r i b e d  above proved adequate  t o  m e e t  a l l  
performance requi rements .  F i g u r e  20 shows the e s t a b l i s h e d  system level 
and the l e v e l s  ob ta ined  d u r i n g  t h e  s t a t i c  t es t  program of t h i s  vehicle. 

F u t u r e  Cons i d e r a  t i o n s  

Everyone env i s ions  an au tomat ic  method f o r  de te rmining  the con- 
t amina t ion  s t a t u s  of a h y d r a u l i c  system. Limi ted  go ,  no-go moni tors  do 
exis t  b u t  cannot  b e  u n i v e r s a l l y  employed a t  t h i s  t i m e .  S ince  t h e r e  a r e  
always i n s t a n c e s  where systems w i l l  b e  broken i n t o ,  au tomat ic  system 
moni to r ing  may prove f r u s t r a t i n g .  
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F i g u r e  19. F -1  eng ine  g imbal  sys tem 
f o r  S a t u r n  1C 

S-IC-1 HYORAULIC SYSTEM FLUID 
CONTAMINATION. ACTUATOR INLEl 

FIRINGS 01 THROUGH 15 

F i g u r e  20. Accumulative number of p a r t i c l e s  of i n d i c a t e d  
s i z e  and l a r g e r  p e r  100 ml 

91 



Automatic p a r t i c l e  c o u n t e r s  have u s e f u l n e s s  a s  l a b o r a t o r y  t o o l s  
where h i g h l y  t r a i n e d  o p e r a t o r s  a r e  p r e s e n t .  U t i l i z a t i o n  a s  p roduc t ion  
c o n t r o l s  o r  a s  c l o s e  coupled system moni tors  h a s  n o t  been e s t a b l i s h e d  
w i t h  any degree  of u n i v e r s a l i t y .  
the system level  cannot  b e  de te rmined .  Absolu te  c o r r e l a t i o n s  between 
ARP 598 count ing  and au tomat ic  c o u n t e r s  i s  d i f f i c u l t  t o  a t t a i n  and 
ma in ta in .  
t e c h n i c a l  competence and a t t e n d a n t  c a r e  i s  degraded i n  f a v o r  of speed 
w i l l  probably r e s u l t  i n  u n r e l i a b l e  results.  

u n i v e r s a l  s t anda rd  may prove t o  be  a major  m i l e s t o n e  i n  t h i s  f i e l d .  If 
a m e t e r  o r  contaminat ion s e n s i t i v e  dev ice  can  measure the combined con- 
t amina t ion  e f f e c t  i n  a system, then  many of the s t r i n g e n t  c o n t r o l s  
p r e s e n t l y  imposed can b e  r e l a x e d .  

Also the  g r a v i m e t r i c  i n g r e d i e n t  of 

Employment of p a r t i c l e  c o u n t e r s  i n  the f i e l d  where the 

Combining bo th  g r a v i m e t r i c  and p a r t i c l e  count  methods i n t o  one 

Conclusions 

Contamination no longe r  evokes the f e a r s  i t  once d i d ,  mainly 
because t h e  e f f e c t s  and c o n t r o l s  a r e  b e t t e r  unders tood .  S t i l l ,  any 
system abnorma l i t i e s  o r  complete  f a i l u r e s  a r e  o f t e n  blamed on contam- 
i n a t i o n ,  e s p e c i a l l y  i f  i nadequa te  d a t a  o r  i n t e r m i t t e n t  o p e r a t i o n  i s  
ob ta ined .  The many s u c c e s s f u l  Sa tu rn  f l i g h t s  have proven the r e l i a b i l -  
i t y  of "c losed  loop ," h y d r a u l i c  systems.  

i n g  o u t  t h e  a v a i l a b l e  technology and procedures  i n  a s t r a i g h t f o r w a r d ,  
me thod ica l  and p a i n s t a k i n g  manner. There i s  no s h o r t  c u t  t o  t h i s  s o l u -  
t i o n  f o r  i f  the  c o n t r o l s  '$re v i o l a t e d  o f t e n  enough s e r i o u s  consequences 
w i l l  r e s u l t .  

There  i s  no mag ica l  s o l u t i o n  t o  contaminat ion  c o n t r o l ,  j u s t  c a r r y -  

A more automatic  method of de t e rmin ing  the  s t a t u s  of a system i s  
r e q u i r e d .  One t h a t  i s  qu ick  t o  per form,  r e p r o d u c i b l e  and c o n s i d e r s  the 
many c o n d i t i o n s  i n t e r a c t i n g  w i t h i n  a system. 

Ques t ion  and Answer Per iod  

MARSH: M r .  Vickers, you i n d i c a t e d  t h a t  the  au tomat ic  NVR nephe- - lometer  i s  more a c c u r a t e  and f a s t e r  t han  the  manual g r a v i m e t r i c  methods. 
Y e t  you concluded t h a t  t h i s  h a s  n o t  r e p l a c e d  the  manual t echn ique  a s  
t h e  s t a n d a r d  method, Is the r eason  p r i m a r i l y  because  of maintenance 
and r e l i a b i l i t y  problems w i t h  the  p r e s e n t  i n s t r u m e n t a t i o n ?  

VICKERS: Y e s .  Equipment maintenance problems a r e  t h e  b a r r i e r  
t o  the g e n e r a l  use  of the method a t  th i s  t i m e .  W e  have  had ve ry  few 
mechanica l  problems. Most of the  problems a r e  e l e c t r i c a l ,  and i t  i s  
f e l t  t h a t  i n  t h e  n e a r  f u t u r e  these problems w i l l  b e  r e s o l v e d .  

OGLE: What lamp do you use and what l i f e  do you e x p e c t  f o r  t h i s  
lamp? 

JACKSON: The lamp i s  a microscope ,  1 2 - f i l a m e n t Y  6-bulb type .  

A d a t a  sheet on "Lamp 
The l i k e  of the lamp h a s  n o t  been de termined ,  b u t  M r .  Vickers  r e p o r t s  
t h a t  s o  f a r  there h a s  n o t  been any f a i l u r e s .  
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S e l e c t i o n  and Modif ica t ion"  w i l l  be  s e n t  t o  i n t e r e s t e d  persons  upon 
r e q u e s t  t o  m e  a t  I I T  Research I n s t i t u t e .  

VICKERS: 
d a t e ,  a s  po in t ed  ou t  i n  t h e  p r e s e n t a t i o n ,  there i s  a s l i g h t  d e t e r i o r a -  
t i o n  from use, and compensation f o r  t h i s  i s  made by c a l i b r a t i o n .  
w e  have  never  l o s t  the lamp s o  t h a t  w e  had t o  r e p l a c e  it. 

Although t h e r e  have been no problems w i t h  t h e  lamp t o  

But 

- 
KILLION: What volume of s o l v e n t  i s  used? 

abou t  
there 
cup. 

JACKSON: The pump r a t e  is  15 cc 's  p e r  minute .  After the 15 cc 's ,  
a r e  passed  t o  w a s t e  back i n t o  the d r a i n  t o  make c e r t a i n  

i s  no c o n c e n t r a t i o n  of  t h e  contaminated  s o l v e n t  i n  a n e b u l i z i n g  

KILLION: How can  t h e  nephelometer b e  used i n  a p roduc t ion  a r e a ?  

JACKSON: There a r e  t h r e e  modes of o p e r a t i o n .  The f i r s t  i s  t o  
measure t h e  a b s o l u t e  contaminat ion l e v e l  of a s o l v e n t ,  and t h i s  i s  done 
by u s i n g  either n e b u l i z i n g  cup A o r  B. 
and t h i s  goes from cup A ,  t h e n  t o  cup B ,  back t o  cup A and back t o  cup B. 
The t h i r d  method i s  the d i f f e r e n t i a l  mode, wherein one looks  a t  cup A ,  
s t o r e s  the contaminat ion  level, looks  a t  cup B and s t o r e s  t h a t  s i g n a l ,  
s u b t r a c t s  from two and p r i n t s  ou t  the d i f f e r e n c e .  The b a t c h  system, a s  
M r .  Vickers po in ted  o u t ,  r e q u i r e s  about  30 minutes  t o  complete .  With 
t h i s  system, once t h e  equipment i s  coupled  permanent ly  t o  an i n - l i n e  
system, r e a d i n g s  should  be o b t a i n a b l e  eve ry  minute .  With the f i r s t  
method, u s i n g  cup A o r  cup B ,  one can  look  a t  one s o l v e n t  c l e a n i n g  
p r o c e s s  o r  a t  t h e  o u t l e t  from the s t i l l ;  w i t h  the second,  sequencing ,  
one can look  a t  two c l e a n i n g  p rocesses  o r  two s t i l l s ;  and w i t h  the t h i r d ,  
d i f f e r e n t i a l ,  one can look  a t  t h e  i n l e t  and o u t l e t  t o  p rocess .  

The second method i s  sequencing ,  

CLEMENT: How might  the s e n s i t i v i t y  of t h e  equipment be  improved 
i n  t h e m n t a m i n a t i o n  c o n c e n t r a t i o n  r e g i o n ,  t h a t  i s ,  less than  
10 ppm? 

JACKSON: One a a y  t o  improve r e s o l u t i o n  would be  t o  i n c r e a s e  the 
s i g n a l  t o  n o i s e  r a t i o .  There is  a l e v e l  of about  30 m i l l i v o l t s  f o r  
noncontaminated s o l v e n t ;  t h e  reason i s  the incomple te  darkness  of t h e  
f i e l d  on t h e  forward s c a t t e r i n g ,  a long  w i t h  some r a t e  of s c a t t e r i n g  and 
g e n e r a l  s p l u r g e  a s  t h e  a e r o s o l  i s  passed  through the system. I f  the 
photometer  were modi f ied  t o  reduce the amount of forward s c a t t e r e d  l i g h t ,  
t hen  the s i g n a l  could  be  f u r t h e r  a m p l i f i e d ,  and t h i s  would give b e t t e r  
r e s o l u t i o n  s e n s i t i v i t y  a t  the bottom end. 

B i n t o  a common r o u t e  through the photometer ,  do you p r e f l a s h  the common 
r o u t e  t o  keep sample A o r  B from con tamina t ing  the manifold? 

JACKSON: The p i p e  work is n o t  a p p r e c i a b l y  contaminated by 2-3 
micron a e r o s o l  s i n c e  t h e r e  i s  l i t t l e  impact ion  of the a e r o s o l  on the 
s i d e s  of t h e  t u b e s .  W e  can sample from cup A ,  t hen  f r o m  cup B ,  and 
back t o  cup A and g e t  v e r y  l i t t l e ,  i f  any ,  c r o s s  contaminat ion  from one 
t o  the o t h e r .  
th rough and g e t  measured, and,  t h e n ,  a f t e r  sample A i s  swi tched  o f f ,  
sample B i s  run  through.  So t h e r e  i s  some purg ing  of the l i n e s .  How- 
ever, if one wants t o  u s e  d i s s i m i l a r  a e r o s o l s ,  one through s i d e  A and 
one through s i d e  B ,  it may b e  w i s e  t o  modify the t iming  sequence and 
p o s i t i v e  f l u s h i n g  a i r  th rough the  system; t h i s  i s  n o t  d i f f i c u l t  t o  do. 

HILDEBRANDT: On the nephelometer ,  when you mani fo ld  sample A and 

The sequencing  method a l lows  sample A a e r o s o l  t o  go 
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WEERSING: Have you exper ienced  d i f f i c u l t y  i n  m a i n t a i n i n g  the 
c leanl ' iness  o f  t h e  plumbing , p a r t i c u l a r l y  s o l e n o i d  va lves?  

plumbing once the system h a s  been c l eaned  o u t .  
Tef lon  s e a t e d ,  and t h e y  c o n t a i n  no g r e a s e .  

r e s u l t T f T h e  c h a r a c t e r i s t i c s  on the c a l i b r a t i o n  curves w i l l  depend on 
the t y p e  of a m p l i f i e r  used.  

JACKSON: The nephelometer system h a s  a l i n e a r  a m p l i f i e r .  There-  
f o r e ,  sys tem readout  i s  d i r e c t l y  r e l a t e d  t o  p h o t o m u l t i p l i e r  t u b e  o u t p u t .  

GAYLE: A l l  of u s  who a r e  involved  i n  c l e a n i n g  o p e r a t i o n s  have an  
i n t e r e s t  i n  the  nephelometer ,  p r i m a r i l y  because  manual methods a r e  n o t  
s e n s i t i v e  and a r e  t i m e  consuming. L a s t  week, a nephelometer  was d e l i v -  
e r e d  t o  ou r  l abora to ry  f o r  checkout .  Were w e  premature  i n  o b t a i n i n g  i t ,  
o r  i s  the s t a t e  of the a r t  f a r  enough a long  s o  t h a t  t h i s  in s t rumen t  can  
b e  used  r o u t i n e l y  24 hours  p e r  day ,  7 days p e r  week? W e  a r e  n o t  i n t e r -  
e s t e d  i n  doing  any R&D. 

and it was designed f o r  cont inuous  moni tor ing .  Fol lowing  a breadboard 
model and f i r s t  p ro to type ,  t h e  l a t e s t  development model was d e l i v e r e d  
t o  NASA t h i s  year .  
made i n  the design s t a t e  t o  make t h i s  an in s t rumen t  which cou ld  b e  used 
r o u t i n e l y  on a product ion  l i n e .  The system s t i l l  c o n t a i n s  some mechan- 
i c a l  and e l e c t r o n i c  d i f f i c u l t i e s .  A manufac tu re r ,  i f  he does n o t  change 
the  concept  r a d i c a l l y ,  should b e  a b l e  t o  b u i l d  i n  r e l i a b i l i t y  q u i t e  
e a s i l y .  

VICKERS: One of t h e  b i g  problems i n  the  ins t rumen t  i s  the work- 
manship on s o l d e r i n g .  M r .  Jackson i s  a c c u r a t e  i n  h i s  s t a t emen t  t h a t  i f  
an equipment manufac turer  made t h i s  i n s t rumen t  i t  would work much b e t t e r .  
S i n c e  i t  i s  a new ins t rumen t  and au tomat i c ,  i t  h a s  t o  have  some "bugs" 
i n  i t ,  b u t  these should  b e  i r o n e d  o u t  s h o r t l y .  Also ,  i t  cannot  b e  
compared t o  the ins t rument  M r .  Oswalt  d e s c r i b e d  because  i t  was b u i l t  
f o r  a d i f f e r e n t  purpose.  

h i g h l y  t lammable l i q u i d s .  They may b e  spontaneous ly  combust ib le  i n  a i r ,  
o r ,  c e r t a i n l y ,  a s p a r k  cou ld  c a u s e  r a p i d  r e a c t i o n .  W e  s u g g e s t  t h a t  on 
the nephelometer  system t h a t  n i t r o g e n  o r  some o t h e r  noncombust ible  g a s  
b e  used.  

JACKSON: No d i f f i c u l t y  h a s  been exper ienced  i n  c l e a n i n g  the 
The s o l e n o i d  v a l v e s  a r e  

GAYLE: What a m p l i f i e r  sys tem i s  used  on the  nephelometer? The 

JACKSON: The concept  of t h i s  d e v i c e  was i d e n t i f i e d  some t i m e  ago,  

I I T  i s  n o t  a manufac tu re r ,  b u t  every e f f o r t  was 

JACKSON: The systems w e  a r e  d e a l i n g  w i t h  a r e  h i g h l y  a e r o s o l i z e d ,  

GAYLE: I s  it p a r t  o f  the procedure  t h a t  i n e r t  g a s  b e  used? 

VICKERS: We s t a r t e d  u s i n g  an a i r  pump a s  p a r t  of the system, b u t  
w e  changed du r ing  i n s t a l l a t i o n ,  and w e  have  s t a r t e d  u s i n g  f i l t e r e d  
n i t r o g e n .  

GAYLE: Maybe by t h e  t i m e  w e  have a n o t h e r  symposium, a l l  of us 
w i l l  have  t h i s  ins t rument  i n  ou r  l a b o r a t o r i e s .  Even i f  t h i s  p a r t i c u l a r  
d e v i c e  i s  n o t  an i n - l i n e  i n s t r u m e n t ,  i t  w i l l  b e  v a l u a b l e  s imply a s  a 
rep lacement  f o r  t h e  manual method of per forming  NVR on l a b o r a t o r y  
samples.  
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LIEBERMAN: Does p l a s t i c  tubing cause problems with stopcock 

OSWALT: P las t ic  tubing could cause problems, but the stopcocks 
Teflon tubing i s  used t o  

lubricant  or  p l a s t i c i ze r?  

a re  degreased t o  remove a l l  the lubricant .  
prevent an at tack from a solvent such a s  PBC. I f  it were not f o r  the 
water, polyvinyl alcohol could be used. 

HILDEBRANDT: In  what capacity does Sandia use chloroform? 

OSWALT: Chloroform has been used i n  cleaning processes. 

HILDEBRANDT: For in- l ine sampling when the f ix tu re  i s  opened for  
microscope reading, how i s  contamination from f a l l o u t  prevented? 

PICCONE: The f ix tu re  i s  not taken completely apar t ,  but i s  
loosened j u s t  enough t o  permit ro ta t ion .  When the sample flow i s  f in -  
ished, the springs produce a s l i gh t  separation of the halves. The 
Bel lev i l le  spring s t i l l  bears on the so l id  portion of the membranes 
support and the circumferential clamp i s  only loosened. This design 
prevents any contamination from f a l l i n g  out.  

traced t o  t l u i d  contaminants? 
BALLARD: What types of component or system fa i lu re s  have been 

PICCONE: Assuming tha t  the question r e fe r s  t o  res idual  contaminants 
from cleaning operations as  w e l l  as  contaminants introduced i n  the oper- 
a t iona l  f l u id ,  the following are typical  of f a i lu re s  tha t  have occurred: 

a .  Moisture i n  gases caused regulators t o  freeze up. 

b. Iron n i t r a t e  dissolved i n  nitrogen tetroxide precipi ta ted 
out due t o  temperature drop and plugged o r i f i ce s .  

Tiny glass  beads used i n  various cleaning and tes t ing  opera- 
t ions caused fa i lures  of pulsating pressure regulators .  

c .  

d .  Burst discs and f i l t e r s  were corroded by residues from 
chlorinated solvents. 

e .  Pressure switches have been plugged by corrosion products 
resu l t ing  from the combined act ion of methanol, water, and 
hydrazine-type fue ls  on metal. 

BALLARD: Are par t icu la tes  a more serious contaminant than non- 

PICCONE: Yes, since we are dealing with f l u i d s  tha t  a re  r e l a t i v e l y  

v o l a t i m d u e  fo r  your applications? 

nonreactive or are  good solvents fo r  contaminants. However, fo r  f l u ids  
such a s  oxygen or f luorine,  nonvolatile residues are  probably more ser- 
ious.  

CLEMENT: What specif icat ion requirements would you place on an 
idea l  contamination sensor? 
develop one? 

be b r i n e  bes t  answers t o  these questions can be found i n  the f i n a l  
report  t o  the study sponsored by NASA-Kennedy under Contract NAS 10-2693. 

What would be required technologically t o  

PICCONE: Answers t o  these questions a re  not simple - nor can they 
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Chapter V of th i s  report  presents detai led information on the require- 
ments for  sensors t o  be used i n  a l l  the f lu ids  discussed i n  the paper. 

GAYLE: I n  general, we found tha t  when we ge t  a system or  solu- 
t i on  c z e n o u g h  t o  pass the par t icu la te  contamination l eve l  i t  w i l l  
a l so  pass the NVR. Do you f ee l  tha t  w e  are  going t o  ge t  i n to  a s i t ua -  
t i on  where sampling and analyt ical  methods a re  automated t o  the extent 
indicated by your study? 

what was proposed. One reason tha t  t h i s  study has not been pushed fur-  
ther i s  tha t  i t  i s  an expensive operation. Everyone has been get t ing 
along f a i r l y  well by the batch methods of sampling and these seem to  
have done a good job. While the automated methods of fe r  a l o t  of ad- 
vantages, there i s  a cost  factor  t o  consider. Automated monitoring of 
hydraulic systems may come in to  being some day because i t  has been dem- 
onstrated tha t  these counters work well with hydraulic systems as long 
as  the i r  l imitat ions are understood. 

PICCONE: It  i s  doubtful t h a t  we w i l l  ever ge t  anywhere close t o  

GAYLE: You went t o  a l o t  of trouble t o  develop e s sen t i a l ly  an 
in-1inFFEroscopic  pa r t i c l e  counter and then did not bui ld  i t .  
hard t o  imagine ge t t ing  tha t  f a r  along and then somehow not doing some- 
thing t o  bui ld  it and check i t  out. The problem, no doubt, i s  funding. 
Can you give an idea of the cost  and do you have any expectation of 
building the counter i n  the future? 

PICCONE: The cost  f igures are  on the order of $10,000-$20,000 
fo r  the complete development--design, building, tes t ing ,  and several  
redesigns. We have proposed t o  the A i r  Force tha t  we be allowed t o  
bui ld  one for  monitoring hydraulic systems on the TITAN since the A i r  
Force has tightened the c r i t e r i a  for  hydraulic systems on the man- 
orbi t ing vehicle program. W e  do not think we can meet the c r i t e r i a  
unless we use a closed system. We are  waiting for  an answer. On the 
other hand, the A i r  Force may ease up on the c r i t e r i a  instead of a l lo -  
cating funds for the counter. 

JACKSON: M r  . Smith, how d i d  you i n i t i a l l y  clean the inside of 
the t e i lon ,  copper, and s t a in l e s s  s t e e l  tubes? Is ,ZR a function of time? 

SMITH, V.  I.: We considered going through a complex cleaning pro- 
cedure on the tubing, but we did not do t h i s  because we f e l t  tha t  i t  was 
not too s igni f icant .  I f  we had v i rg in  copper, which i s  e s sen t i a l ly  un- 
avai lable ,  we may have dissolved much more copper than we did.  W e  did 
not ge t  enough to detect ,  so  we did not do any cleaning other than t o  
run the s t i l l  and solvent through the tubes for  several  hours before 
w e  made any measurements. The time seemed t o  have no e f f e c t .  The tem- 
perature was also changed s l i g h t l y ,  The AR did not change appreciably 
with temperature. 

t races  of impurity? 

have not studied contaminants t o  the extent t h a t  we would l i k e  t o  do. 
The electronics  industry i s  more in te res ted  i n  a much higher grade of 
contamination-free systems than the space industry.  The electronics  
industry i s  interested i n  molecules and pa r t i c l e s .  The contamination 
i n  some c i r c u i t s  i s  down t o  a pa r t i c l e  of 0.5-1 micron i n  width. To 
the e lec t ronics  industry, a 10-micron pa r t i c l e  i s  a gross p a r t i c l e ,  

It i s  

Q: Is  th i s  conductivity measurement technique good only for  

SMITH, V.  I . :  This technique i s  good fo r  any l eve l ,  although we 

In other words, you are not worried about molecules. 
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whereas i n  some space applications, i t  does not matter how many pa r t i -  
c l e s  there a re  between 1-10 microns. 

GAYLE: M r .  Smith, your res i s t ive  techniques suggest the possi- 
bility- they might be exploited t o  other areas of contamination. 
A l o t  of us would be interested i f  t h i s  approach were pursued. 

COMMENT: One in-line f i l t e r  has been constructed with flow i n t o  
a very th in  t i l t e r  holder. 
about 1-inch thick and i s  as large i n  diameter a s  necessary t o  hold the 
f i l t e r  . 

It i s  very simple and very small. It i s  

MCDONALD: That f i l t e r  was developed by a petroleum company fo r  
looking a t  hydraulic o i l s  and i t  i s  probably not su i tab le  for  high pres- 
sure l i n e s  and cryogenic f lu ids .  

you know whether the contaminants go i n t o  solut ion,  or does the change 
i n  spec i f ic  gravi ty  cause chem to  go t o  the bottom or top and explain 
the difference i n  the reading? 

a t e .  For example, water added to freon i s  r e l a t ive ly  inv is ib le ;  i n  
freon, i t  i s  soluble t o  about 3 0 0 t h ~  of one percent. The mechanism of 
res is tance measurement i s  a facet of an electron from one s ide t o  the 
other.  This has t o  be done through the l i qu id  by some mechanism. W e  do 
not know what the mechanism i s .  W e  do know tha t  it i s  changed by impur- 
i t i e s ,  whether they be l i qu id  or so l id .  It does not make any difference 
t o  the user whether the cause i s  par t icu la te  matter or  dissolved water 
vapor; he does not want i t  there, especial ly  i f  he can obtain the sol- 
vent pure without too much d i f f icu l ty .  

SMITH, S .  L.: On checking the r e s i s t i v i t y  of the solution, do 

SMITH, V. I.: There w a s  nowhere near enough contaminant t o  separ- 
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ABSTRACT 

Monitoring radioactive contamination is unique since it is done 
by detecting the particle it emits. The principles involved in detect- 
ing these particles are summarized and three types of instruments are 
discussed: gas ionization, scintillation, and semiconductor detectors. 
Finally, use of these instruments and methods of radioactive contami- 
nation monitoring are discussed. 

Fundamental Principles of Radiation Detection 

Before describing the instruments available for detecting radio- 
active contamination, it would be worthwhile to discuss the fundamental 
principles involved and why it is desirable to detect radioactive con- 
tamination. 
unstable atoms, generally referred to as radioisotopes, which decay to 
a stable isotope by the emission of one or more of the ionizing radi- 
ations called alpha, beta, or gamma. It is desirable to keep radioactive 
contamination to as low a level as possible for the following reasons: 
(1) if the contamination is present in sufficiently large quantities it 
could cause high external exposures to personnel or even cause elec- 
tronic instruments in the vicinity to malfunction; (2) if the contami- 
nation is loose, an additional hazard is present since there is the 
possibility of the contamination getting into the human body and causing 
biological damage or spreading into areas where a low radiation back- 
ground is desirable, such as radioisotope counting rooms. 

amount of material present is very small. In microbial contamination 
one is dealing with cells, but in radioactive contamination, one is 
dealing with a relatively small number of atoms. These atoms emit an 
ionizing particle which does the damage. Ionization is the removal of 
an electron from an atom, thus leaving a negatively charged electron 
and a positively charged ion. Radioactive contamination is measured by 
detecting this ionizing radiation. 

Radioactive contamination is composed of a quantity of 

Radioactive contamination can be a hazard even though the actual 
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Three general pr inciples  a re  used i n  detecting radioact ive con- 
tamination: (1) gas ionizat ion,  (2) s c i n t i l l a t i o n ,  and (3)  semi- 
conductor detectors. The gas ionizat ion method makes use of a chamber 
with a center electrode t o  which an e l e c t r i c a l  vol tage i s  applied. 
ion-electron pairs  generated within th i s  cavi ty  by incident  rad ia t ion  
w i l l  be col lected,  thereby causing a current  t o  flow i n  an associated 
c i r c u i t  which i s  proportional t o  the rad ia t ion  passing through the cham- 
ber. When a chamber voltage i s  used which i s  adequate t o  c o l l e c t  a l l  
of the ion pa i r s  released by the rad ia t ion ,  the chamber i s  being oper- 
a ted i n  what i s  called the ionizat ion region. A s u f f i c i e n t  addi t ional  
increase i n  chamber voltage can r e s u l t  i n  the electrons being acceler- 
ated enough tha t  when they co l l i de  with molecules of gas in  the chamber 
more e lectrons are released and col lected.  Thus, various degrees of 
mult ipl icat ion o r  amplification can be obtained, depending on the voltage 
used on the col lect ing electrode and the geometry of the chamber. This 
increase i n  current allows each individual i n t e rac t ion  t o  be detected as  
a very short  pulse. The chamber i s  now being operated i n  what i s  ca l led  
the proportional region, i n  which each in te rac t ion  produces a la rger  
s ignal  than when the chamber i s  operated i n  the ionizat ion region, but 
which i s  s t i l l  proportional i n  s i ze  t o  the i n i t i a l  ionizing event. When 
the voltage i s  increased su f f i c i en t ly  each in t e rac t ion  causes an e l e c t r i -  
c a l  discharge, l ike a spark, t o  jump through the chamber, resu l t ing  i n  
a very large signal. The chamber i s  now operating i n  the Geiger-Mueller 
region, and the same s i ze  pulse i s  produced regardless of whether the 
ions f o r  a large number. 

The second type of detector ,  the s c i n t i l l a t o r ,  makes use of the 
fluorescence caused i n  ce r t a in  materials by ionizing events. The l i g h t  
i s  measured by a photo-multiplier tube which gives an electron pulse 
proportional t o  the l i gh t  generated i n  each event. The advantages of 
t h i s  type detector a re  as follows: (1) high s e n s i t i v i t y ,  (2) output 
proportional t o  energy deposited, (3 )  phosphors sens i t i ve  t o  pa r t i cu la r  
rad ia t ions ,  and ( 4 )  l iqu id  o r  so l id  s c i n t i l l a t i o n  material .  

The th i rd  type, which i s  j u s t  now coming in to  use, i s  the semi- 
conductor detector. This detector  uses the same pr inc ip le  as the gas 
ionizat ion chamber; however, instead of ions being col lected from a gas, 
they a re  col lected from the so l id  material  of a semiconductor. This 
detector  has the advantage of a very high energy resolut ion,  but i t s  
sens i t ive  area i s  ye t  too small fo r  ce r t a in  p rac t i ca l  uses. Although 
other  detectors ,  such as  f i lm emulsion and thermoluminescent dosimetry, 
a r e  avai lable  fo r  spec ia l  appl icat ion,  the three methods mentioned a re  
used grea te r  than 95 percent of the time fo r  radioact ive contamination 
detection. 

Any 

In  b r i e f ,  t h i s  i s  what can be done with the s igna l  produced by 
these detectors.  Most instruments i n  use not  only de tec t  the contaminant 
but give a t  l e a s t  a r e l a t i v e  indicat ion of how much i s  present. 
contamination level  i s  low, it i s  sometimes convenient t o  count each 
individual event with a sca le r  fo r  a ce r t a in  length of time. This tech- 
nique i s  usual ly  employed i n  a laboratory where low l eve l  samples a re  
brought i n  fo r  accurate counting. However, m o s t  portable survey in s t ru -  
ments use a count-rate c i r c u i t  i n  which the s igna l  i s  e lec t ronica l ly  
averaged and continuously displayed on a meter i n  terms of events per 
u n i t  of time. 
t o  the instrument through which the surveyor may hear the individual 
amplified pulses and note the reading on the meter only when s ign i f i can t  
leve ls  a r e  reached, as  indicated by an increasingly rapid average pulse 
r a t e .  

If the 

In  many instances i t  i s  convenient t o  connect earphones 
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Instruments Available for Contamination Detection 

The principles discussed above may be used in a variety of in- 
struments, depending on the contamination to be measured. Most con- 
taminants can be classified either as alpha or beta emitters, with both 
usually emitting gama rays also. Because gamma-sensitive instruments 
are subject to high background, it is desirable to use an instrument 
sensitive only to alpha or beta radiation. A few situations will be 
mentioned later where it is necessary to use gannna-sensitive instru- 
ments. 

The most popular alpha detectors have been gas proportional probes 
connected to portable count-rate meters. Since these units are oper- 
ated in the proportional region, a pulse caused by an alpha particle 
will be much larger than one caused by a beta or g a m  ray. An elec- 
tronic discriminator circuit allows only the largest pulses to be 
counted. In a dry climate where no change in altitude is anticipated, 
it is possible to use air at atmospheric pressure as the proportional 
gas. However, when either change in altitude or high humidity is in- 
volved, it is more reliable to use a special gas, such as propane, 
which is passed through the probe at a low flow rate. The detector cham- 
bers are typically 20 cm long by 5 cm wide by 2 cm thick. One of the 
large-area walls is a very thin sheet of plastic with a conductive coat- 
ing through which the alpha particles may enter the chamber and be 
count e d . 

An alpha detector which is not affected by atmospheric conditions 
is the scintillator. These units are composed of an alpha-sensitive 
scintillation material with a thin, opaque covering to keep out light 
but admit alpha particles. The light produced by each alpha interaction 
is measured by a photomultiplier tube and the resulting electrical pulse 
rate is indicated on a count-rate meter. These instruments do the job 
very well but are perhaps not quite so rugged and are a 
expensive than the proportional-chamber detectors. 

little more 

The instrument most commonly used for detection of beta-active 
contamination is the Geiger-Mueller tube. This steel-walled chamber 
operating in the Geiger-Mueller region, provides high sensitivity to 
to every type of ionizing interaction. The steel wall is normally made 
thick enough to keep out alpha particles but thin enough to admit beta 
particles. Since this instrument is also gamma-ray sensitive, it is 
subject to background count due to natural radioactivity and other 
sources of radiation in the area. The Geiger-Mueller probe is typically 
an 8-cm-long tube about 2 cm in diameter. The tube is contained in a 
metal housing with a rotating portion which allows one side of the tube 
to be either opened to detect beta particles or closed to detect only 
gama rays. 

way the alpha scintillation detector is used; however, the Geiger- 
Mueller detector has done the job so well that there has been little 
call for a better instrument. 

A beta-sensitive scintillation detector could be used in the same 

There are a few radioisotopes which emit gamma rays but no alpha 
or beta particles. Also, under certain conditions alpha contamination 
is very difficult to detect with an alpha-sensitive instrument because 
the alpha particles may be absorbed in a wet or dirty surface before 
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they get to the detector. 
rely on detection of any possible gama rays emitted. 
tube is quite sensitive to gamma-rays and it will serve adequately in 
many cases. However, the use of a scintillator crystal has the added 
advantage of high energy resolution, and discrimination against back- 
ground radiation or even selection of a certain gamma-ray energy can be 
provided. 

resolution in alpha, beta, and gamma detection. When it is possible to 
make this type of detector larger and more efficient, it will undoubted- 
ly become more popular. 

In both of these cases it is necessary to 
A Geiger-Mueller 

Semiconductor detector characteristics offer very high energy 

Methods of Contamination Detection 

The instruments mentioned above can be used in different configu- 
rations, the most popular being a hand-held survey instrument. The 
probe is manually moved over the surface suspected of being contaminated. 
The detector is kept as close as possible to the surface without touch- 
ing it to provide greatest sensitivity, yet avoid contamination or dam- 
age to the probe. This is especially true when alpha contamination is 
being monitored because an alpha particle travels a very short distance 
in air. 

Special equipment has been designed for monitoring large, flat 
surface areas such as floors, These are usually a string of  several 
Geiger-Mueller tubes or one large gas-proportional probe mouilted between 
two wheels with a count-rate meter attached to a handle. The instru- 
ment is rolled over the surface to be monitored while the surveyor 
observes the pulse rate. 

A similar instrument called a portal monitor is used to monitor 
personnel automatically for contamination as they leave potentially 
contaminated areas. Personnel walk through a door frame containing a 
series of Geiger-Mueller tubes around the periphery. 
exceeds a preset level, the unit alarms. The portal monitor could be 
used to monitor a large number of similar items; however, in order to 
detect alpha contamination, the probe would have to be kept very close 
to the surface being monitored. 

forward as detecting it on accessible surfaces. An inaccessible surface 
may be checked by rinsing or even washing the surface thoroughly with a 
suitable solvent and then analyzing the effluent for radioactivity. Air 
samples may be taken in certain areas where there is the possibility of 
loose contamination. These air samples can be taken to a counting 
laboratory, where accurate counting techniques can be employed to de- 
termine whether there is radioactive contamination in the air. Air can 
be drawn through a filter, which collects the particulates. After some 
collection time, which might be many hours, any activity on the filter 
is measured and the activity related appropriately to the actual air 
contamination. This can be a very sensitive method because of the large 
volume of air that can be sampled. Continuous automatic air monitors 
are available which count the radioactivity on a filter as air is being 
drawn through it and will alarm when a preset level is reached. 

If the count-rate 

Detecting contamination on inaccessible surfaces is not so straight- 
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In many cases it is desirable to find out whether radioactivity 
is loose or fixed to a surface. 
the rinse method described above or more simply by counting swipes. A 
piece of filter or tissue paper is wiped over the area to be checked, 
then counted with an appropriate instrument, such as a shielded, low- 
background counter. The various isotopes in a certain contaminant can 
be identified in many instances by analyzing a sample with an energy 
spectrometer, which helps in determining the source of and hazard as- 
sociated with the contamination. 

This can be determined by employing 

Conclusion 

This has been a general discussion of methods and instrumentation 
for monitoring radioactive contamination. 
require special instrumentation, but they will employ one or more of the 
principles discussed. Further information on any particular radioactive 
contamination monitoring problem can be obtained in the literature or by 
consulting a qualified health physicist. 

Special monitoring jobs may 
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SESSION I11 

SURFACE CONTAMINATION 

INTRODUCTION 

Q. T. USSERY 
Manned Space Center 
Houston, Texas 

One of the most difficult and sometimes perplexing aspects of con- 
tamination control is that of determining surface cleanliness. Another 
is the cleaning process and procedures used at arriving at some desired 
level of cleanliness. In this session, the speakers will present a 
series of papers relating to these matters. 
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1. SURFACE CONTAMINATION GENERATED BY MATERIALS OF CONSTRUCTION 

D. M.  DAVIS 
Manufacturing Research Division 

Sandia Corporation 
Albuquerque, New Mexico 

ABSTRACT 

One type of contamination cannot be diminished by the use of clean 
rooms or  prevented, to  any great  degree, by cleaning and process control.  
Many of the materials used t o  fabr icate  items for  aerospace and ordnance 
are sources of contamination a f t e r  processing. A number of these mate- 
r i a l s ,  the contamination they generate, and some of the means used t o  
control them are  discussed. 

A Si tuat ion 

Recently a supplier was assembling i n e r t i a l  sensing devices for  
Sandia Corporation. Each device contained an e l e c t r i c a l  switch whose 
proper functioning was e s sen t i a l  for  operation of the device. Every 
e f f o r t  was made to insure tha t  these devices were kept clean during and 
a f t e r  assembly. ' k e y  were assembled i n  a controlled area by persons 
wearing protective clothing and hand coverings, and each subassembly 
was cleaned t o  remove any handling or process debris.  Low-current and 
low-voltage t e s t s  of the completed uni t s  showed the contact res is tance 
of the switch a f t e r  actuation t o  be generally within specif ied l i m i t s .  
'ke  uni t s  were then subjected t o  16  t o  24 hours of an elevated temper- 
a ture  soak and retested.  Yet too large a percentage was re jec ted  for  
high contact res is tance a f t e r  actuation. The switch was made with ro-  
t a ry  s l i d e r  contacts which moved between two spring s ta t ionary contacts 
t o  produce a ra ther  large wiping motion. Contact pressure was more than 
su f f i c i en t  and did not decrease during the temperature soak. Why did 
t h i s  switch, so carefully assembled, cleaned, and checked, f a i l  t o  per- 
form sa t i s f ac to r i ly?  

approximately 1 5  percent copper. Investigation showed tha t  a t  the e l e -  
vated temperature - approximately 160°F - the copper a t  and near the 
surface of the alloy was oxidizing t o  copper oxide, and copper near the 
surface was migrating t o  the surface and a l so  oxidizing. A s  the switch 
was actuated, the wiping act ion of the s ta t ionary contacts scraped t h i s  
oxide of copper and deposited it a t  the end of the contact t r ave l .  
Every subsequent actuation deposited more of the oxide a t  t h a t  spot ,  and 
the contact resistance became higher.  The s i tua t ion  now seems t o  be 
remedied. The supplier of the al loy i s  now heat- t reat ing i t  i n  a i r ,  

The contact material  was a high gold and palladium a l l o y  containing 
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instead of i n  an i n e r t  atmosphere, and then pickling it  t o  remove the 
copper oxide formed , thereby leaving the surf ace depleted of copper. 

Introduction 

This i s  not an i so la ted  case. Unfortunately, the problem of con- 
tamination i s  becoming more and more prevalent. 
a r e  used i n  constructing electromechanical components t o  high r e l i a b i l -  
i t y  standards, and many of these components w i l l  experience elevated 
temperatures sometime during the i r  l i ves .  Microminiaturization has in- 
creased the problem, since much less contamination can be tolerated.  
Therefore, I would l i k e  t o  discuss a f e w  of the materials which can 
cause surface contamination describe several  spec i f ic  examples of prob- 
l e m s ,  and then suggest some of the ways by which the contamination can 
be somewhat controlled.  

Many d i f fe ren t  materials 

The most emphasis w i l l  be placed on the outgassing of polymeric 
or  p l a s t i c  materials,  and I w i l l  touch on some of the problems of migra- 
t i o n  and separation of lubricants ,  the oxidation or  corrosion of metals, 
and the entrapment of sealing materials. Also discussed w i l l  be the 
choice and processing of materials a s  a means of control  of surface con- 
tamination. 

Outgassing of Polymeric Materials (P las t ics )  

Probably the grea tes t  number of problems encountered t o  date i n  
electromechanical components, have involved p l a s t i c  or polymeric mate- 
r i a l s .  These materials have been used i n  ever-increasing amounts over 
the past  few years because of the i r  g rea t  weight advantage t h a t  t h e i r  
lower density and improved strength provide. 
proper processing, have been quite sa t i s fac to ty .  However, t o  obtain 
the desired physical charac te r i s t ics  , these chemically complex materials 
a r e  of ten modified with additives and through changes i n  chemical com- 
posi t ion In  the process, they a re  of ten  made more susceptible t o  out- 
gassingYf t h e i r  g rea tes t  source of contamination generation. 

The outgassing products of these organic materials generally come 
from one or  both of two sources. One i s  the unbound or weakly bound 
mater ia ls  i n  the polymer, such as  p l a s t i c i ze r s ,  some curing agents, 
ca t a lys t s ,  antioxidants,  and other additives added by the supplier of 
the raw or  unprocessed materials. The other i s  only an extension of 
the f i r s t ,  i n  which the user of the materials deviates i n  the processing 
of them by incorrect  weighing, mixing, molding, o r  use of i n su f f i c i en t  
o r  incorrect  cure cycle. Such deviation w i l l  y i e ld  contamination i n  
the form of monomer, pre-polymer, curing agent, or ca ta lys t s ,  and can 
a l so  cause the processed material t o  f a i l  s t ruc tura l ly .  

chemically i n  the polymer s t ructure ,  but a re  merely i n t e r s t i t i a l l y  held 
i n  place. These p l a s t i c i ze r s ,  such as dibutyl phthalate or  t r i c r e s y l  
phosphate, can eas i ly  bleed from the mater ia l ,  especial ly  a t  elevated 
temperatures, and migrate t o  other surfaces.  Most people have had a 

A number of them with 

The p l a s t i c i ze r s  used i n  many p l a s t i c s  a re  not usually t i e d  up 

'Outgassing r e fe r s  t o  any weight loss which the material  experi- 
ences, both through vaporization of v o l a t i l e  components and migration 
of nonvolatile components. 
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f i l m  of p las t ic izer  form on the i r  car windows as a r e s u l t  of outgassing 
of the p las t ic izer  from the vinyl sea t  covering. 

a r e  t rue c& as such, they a re  not bound i n t o  the material  chem- 
i c a l l y  and, therefore, can bleed from the mater ia l .  Two of the older 
ca t a lys t s ,  t i n  octoate and lead octoate,  readi ly  corrode copper, s i l v e r ,  
and lead. On one occasion a gold-plated copper piece was potted i n t o  
an RTV s i l icone ,  with one face of the piece l e f t  exposed. 
iod of t i m e ,  a green, viscous f i lm was found on the gold-plated surface. 
The gold p la te  was porous, and the very corrosive octoate s a l t  used as  
the ca ta lys t  i n  the RTV si l icone had bled from the s i l i cone ,  migrated t o  
the adjacent gold plated surface and attacked the copper substrate  through 
the pores i n  the gold. Fortunately, other ca ta lys t s  available a re  not 
corrosive; however, most a re  s t i l l  able t o  migrate. 

There a re  other problems a l so  associated with s i l a s t i c  and other 
s i l icone materials. One i s  an apparent breakdown or  depolymerization 
of the material  a t  elevated temperatures, which r e s u l t s  i n  a continuous 
weight l o s s .  The outgassed matter condenses on adjacent surfaces.  
Another problem in  the incomplete removal of react ion products during 
room temperature curing. In  some systems t h i s  i s  ace t i c  acid,  i n  other 
systems an alcohol i s  the react ion product. I f  these products are  not 
completely removed, they can outgas with t i m e .  A rumor i s  tha t  one of 
the space walks was ended prematurely because outgassing from t h i s  type 
of material  used as  a sealant or gasket caused fogging of the visor  of 
the helmet . 

The c a t a l  s t s  used i n  most room temperature vulcanized s i l a s t i c s  

After a per- 

Polysulfide sealants  and elastomers, as  well as  other vulcanized 
elastomers, can give o t t  sulf ide vapors tha t  can reac t  with metals, e s -  
pec ia l ly  copper and s i lve r  base al loys.  

High-temperature and pressure-molded p l a s t i c s ,  although among the 
be t t e r  materials,  are not completely free  o t  surface-contaminating mate- 
r i a l s .  I f  they are not molded a t  exactly the r i g h t  temperature and pres- 
sure,  or i f  the mixture of the molding compound i s  not compounded ex- 
ac t ly ,  the reaction i s  not complete; l a t e r ,  monomer, prepolymer, and 
peroxide catalyst  can be outgassed i f  the material  i s  not correct ly  
processed. This occurs even though the mechanical properties meet r e -  
quirements or specifications.  

The outgassing or  ex t rac t ion  of these materials becomes worse i f  
the hard r e s i n  coat of the molded par t  i s  machined or otherwise removed, 
The exposed f i l l e r  material i s  a good source of par t icu la te  contamina- 
t ion. 

I f  e l e c t r i c a l  contacts or other functional surfaces a re  molded 
i n t o  the p las t ic ,  two other sources of surface contamination must be 
contended with. The f i r s t  i s  the mold release agent. Many of these 
release agents are s i l icones which a re  polymerized onto the mold and 
onto the e l e c t r i c a l  contacts.  The other source i s  a combination of the 
molding compound i t s e l f  and a mold which i s  out of tolerance or worn. 
A t h in  f i lm of the molding compound--sometimes too th in  t o  be v i s i b l e  
t o  the naked eye--will be formed over the contact surfaces.  The only 
way t o  remove these contaminants e f fec t ive ly ,  i f  one becomes aware of  
them, i s  by using abrasives. 

Often the supplier of the prepolymer w i l l  add a small percentage 
of some other material. The buyer i s  never informed of t h i s  addition, 
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I. I and nothing appears i n  the sales l i t e r a t u r e .  The supplier has tes ted  
h i s  product, and no bad ef fec ts  are  noted i n  the physical properties of 
the cured polymer. Several years ago, such a contamination source was 
a molded d i a l l y l  isophthalate part .  A number of the par t s  were being 
given a post-cure high-temperature vacuum bake, which i s  a standard 
procedure. When the oven w a s  opened, a waxy material  was found condensed 
on the cooler glass  of the door. Analysis showed the material  t o  be a 
f a t t y  acid ester. By checking with the supplier of the molding compound, 
i t  was learned t h a t  he had been adding up t o  two percent calcium s tear -  
a t e  t o  the prepolymer as a so r t  of bu i l t - i n  mold release agent j u s t  i n  
case someone forgot t o  use a release agent i n  the mold. Unfortunately, 
t h i s  happens a l l  too of ten w i t h  proprietary materials.  I n  t h i s  case, 
Sandia w a s  able t o  remove the surface contamination by readjusting the 
cleaning schedule. It had t o  be assumed tha t  the par t s  would never see 
a s  high a temperature and as l o w  a pressure i n  storage and use. 

Certain of the epoxy formulations have proved quite sa t i s fac tory  
f o r  Sandia use. However, whenever a modified system i s  required,  g rea t  
care must be used i n  i t s  selection. I f  modification i s  accomplished by 
using materials,  usually curing agents, which become a pa r t  of the poly- 
m e r  molecular s t ruc ture ,  there i s  less of an outgassing problem. It i s  
i n  the cases of i n t e r s t i t i a l l y  added mater ia ls ,  (those not completely 
t i e d  up i n  the molecular s t ructure)  t h a t  outgassing becomes a problem. 
This i s  a f a i r l y  good rule-of-thumb f o r  a l l  p l a s t i c  materials.  

The grea tes t  problems with epoxies, otherwise, have been due p r i -  
marily t o  incorrect  processing, t ha t  i s ,  incorrect  r a t i o  of hardener t o  
r e s in ,  insuf f ic ien t  mixing, or  insuf f ic ien t  cure time. One experience 
involved a simple epoxy system with a low molecular weight amine hard- 
ener and an alumina f i l l e r .  The epoxy was placed in to  a narrow channel 
a t  the end of a cylinder t o  seal an endcap i n  place hermetically. A 
s i l i cone  O-ring was used as  a backup sea l .  The epoxy was being applied 
with a syringe and needle and was somewhat too viscous for  easy use. 
For thinning the mixture, an excess of the more-free-flowing hardener 
was added, instead of more res in .  %e ex t ra  hardener l a t e r  came out of 
the cured epoxy, attacked the s i l icone O-ring, and together they con- 
taminated the inside of the device. Someone who knew very l i t t l e  about 
epoxy systems made a decision--a cos t ly  one. Most of the time the 
trouble i s  caused by operator error  and i s  harder t o  t race.  

Anaerobic polymers, used extensively for locking screw threads,  
w i l l  have almost 100 percent weight l o s s  i f  any surface area i s  l e f t  
exposed t o  a i r .  Since there i s  no way t o  ascer ta in  tha t  a i r  i s  com- 
p le te ly  excluded from the material, we have t r i e d  t o  prohibi t  the use 
of such polymers i n  hermetically sealed components which contain elec-  
t r i c a l  contacts or other sensi t ive surfaces.  

Contamination from Lubricants 

Lubricating o i l s ,  because of t h e i r  low surface tension, spread on 
a surface and form a th in  lubricat ing layer  or  f i lm of o i l  between mov- 
ing pa r t s .  These o i l s  a l so  have very low vapor pressures,  so tha t  evap- 
orat ion of the f i lm formed i s  kept t o  a minimum. A s  long a s  the f i lm 
stays on the surface where it i s  desired,  i t  i s  performing a useful 
function. However, t h i s  same thin f i lm can be a source of contamination 
i f  it should spread t o  a surface where it  cannot be to le ra ted ,  such as  
a t  e l e c t r i c a l  contacts or the comutator and brushes of a motor. The 
problem i s  made even worse i f  the vapor pressme of the o i l  i s  too high 
and evaporation occurs, or  i f  the o i l  contains some more v o l a t i l e  
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components which evaporate. In  a closed system, these evaporated mate- 
r i a l s  w i l l  condense on other surfaces. 

Greases must be considered i n  the same l i g h t  a s  lubricat ing o i l s  
when contamination i s  involved, for  the former a re  usually nothing more 
than lubricat ing o i l s  milled with a soap, such a s  l i thium s t ea ra t e ,  t o  
keep the o i l  from spreading. Even the best  high-temperature greases 
bleed t o  some extent, spreading a very th in  f i lm of o i l  over adjacent 
surfaces.  We have on many occasions detected t races  of o i l  on the com- 
mutator of a small DC motor located as  f a r  as  1 / 2  inch from a miniature 
precision bearing containing approximately 3 milligrams of a Mil-G-23827 
grease. 

Solid-film lubricants ,  i f  applied too thickly or on a poorly pre- 
pared sur tace,  w i l l  generate par t icu la te  contamination within a compo- 
nent. I f  they are not properly cured, they w i l l  a l so  generate film-type 
contamination by outgassing unreacted materials as well as f a i l i n g  as  a 
lubr icant .  Even properly applied and cured sol id-f i lm lubricants  must 
be "run-in" t o  remove any pa r t i c l e s  generated by i n i t i a l  operation of the 
lubricated par ts ;  the par ts  must then be cleaned well before being sealed 
i n t o  a un i t  or component. 

Reactions of Metals 

By f a r  the most prevalent source of contamination generated by 
metals i s  oxidation. Although a l l  metals tend t o  oxidize, the tendency 
i n  a few i s  much greater than i n  others ,  especial ly  with moisture pres- 
en t  t o  form an e lec t ro ly te .  In  most cases the react ion products are  
eas i ly  discernible during a post-mortem examination, although occasionally 
a s i tua t ion  occurs similar t o  tha t  with the previously mentioned precious 
metal a l l o y .  The par t icu la te  matter associated with t h i s  contamination 
can disrupt  the proper functioning of a device as  debris i s  d is t r ibu ted  
throughout the in t e r io r ;  damage t o  the metal surface from p i t t i n g  and 
react ion product build-up often causes f a i l u r e  of a surface,  such as  a 
load bearing or low coef f ic ien t  of f r i c t i o n  a rea ,  or  the f a i lu re  of the 
pa r t  as a s t ruc tura l  member. 

Galvanic corrosion, the r e s u l t  of an e l ec t ro ly t i c  couple between 
two metals o t  opposite or  diss imilar  cathodic poten t ia l ,  does not occur 
only i n  water pipes or conduits buried i n  the ground. I f  any complete 
e l e c t r i c a l  path i s  provided and a t race of moisture i s  present,  corro- 
s ion can occur i f  no preventive measures, such as plat ing or  other coat- 
ing or treatment, are  taken. 

I f  any two metals a re  i n  intimate contact but are  able t o  move an 
inf ini tes imal  distance r e l a t i v e  t o  each other ,  a phenomenon ca l led  
f r e t t i n g  corrosion occurs. This produces a f ine ly  divided par t icu la te  
contamination, usually brown i n  color ,  which i s  believed t o  r e s u l t  from 
the local ized high temperatures generated by the f r i c t i o n  between the 
two pieces. Vibration i s  the usual cause of f r e t t i n g  corrosion. A 
somewhat s i m i l a r  phenomenon occurs on noble metal e l e c t r i c a l  contacts 
i n  the presence of organic vapors or fi lms. 'Ihe product of t h i s  reaction 
i s  ca l led  f r i c t iona l  polymer. Platinum and palladium are  more l i ke ly  t o  
undergo the reaction than are  the other noble metals. Some other metals 
w i l l  form an organometallic complex with organic vapors i f  they a re  en- 
closed. Cadmium disease i s  an example; white, s l i g h t l y  cur ly ,  whiskers 
grow out of the cadmium surface.  
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Contamination Generated i n  Sealing Processes 

t e r i o r  of an otherwise clean and contamination-free component or device. 
Soldering and brazin are  effect ive means fo r  producing hermetic sea ls ;  
however, neither ca 
ahead of the molten metal and prepares a surface fo r  i t .  In  one place, 
the f lux  goes inside the un i t  to be sealed unless a good mechanical 
b a r r i e r  has not been provided. 'Ihe organic, soft-solder fluxes w i l l  
leave an insulat ing organic film on in t e r io r  par t s  and cause improper 
operation of some moving par t s  and of e l e c t r i c a l  contacts.  ?he more 
ac t ive  fluxes and the brazing fluxes a re  highly corrosive. A re lay  
manufacturer has had t o  r e s u l t  t o  a solder back-up fo r  repair ing leak- 
ing weld sea ls .  The corrosive f lux used i n  ge t t ing  inside the re lay  
through the holes tha t  a re  being f i l l e d .  Once inside,  the flux i s  sub- 
liming and corroding many of the inside metal pa r t s .  I n i t i a l  t es t ing  
of the relay does not always indicate the problem. 

ge t  inside uni t s  being sealed. Some of the polysulfide and s i l icone-  
type sealants  have already been discussed under outgassing of polymer 
mater ia ls .  

Certain sealing processes and materials w i l l  contaminate the in-  

e done without the use of a f lux  which moves 

Many organic sealants ,  i f  they are  prone t o  outgassing, can a l so  

Contamination Control Methods 

Since the type of surface contamination under discussion i s  a 
property or  product of the materials used, any attempt a t  control l ing 
such contamination must involve the select ion and subsequent processing 
of the materials.  m e r e  are  several rules-of-thumb which w i l l  allow 
choice of a sa t i s fac tory  material i n  a great  percentage of cases. I n  
a l l  choices, however, cost  must be  one of the l a s t  considerations. 

When choosing a l a s t i c  material ,  including adhesives, t r y  t o  f ind  
This one which has not been %T mo 1 led heavily with unreacting addi t ives .  

w i l l  usually eliminate many of the thermoplastic mater ia ls ,  such as 
poluvinyl chloride,  which i s  heavily p las t ic ized .  A l s o ,  pick one which 
i s  capable of withstanding temperatures above any expected-use tempera- 
ture--usually, the higher the capabi l i ty ,  the b e t t e r .  A t h i rd  charac- 
t e r i s t i c  t o  look a t  i s  expected weight l o s s .  I f  the l o s s  i s  Over 0 .5  
percent a t  an elevated temperature for  a period of several  days, or i f  
the l o s s  i s  continous, it i s  safer t o  look elsewhere. A fourth factor  
t o  consider i s  the mater ia l ' s  a b i l i t y  to  withstand some s t r ingent  clean- 
ing during subsequent assembly and processing. Usually, a material  t ha t  
w i l l  meet any one requirement will meet most of the other three.  
f i n a l  decision on a material  usually should not be based upon the manu- 
f ac tu re r ' s  sales  l i t e r a t u r e .  
although not always avai lable ,  are  f a i r l y  easy t o  obtain with a minimum 
of equipment. 

Below are  several  weight-loss-at-elevated-temperature versus time 
curves wh'ch were obtained about 8 years ago by Berry, Jones, and 
Fjelseth .$ A l l  temperatures are 1 6 5 ° F  unless otherwise noted. Most of 

The 

Weight l o s s  data of the kind necessary, 

LBerry, Jones, and Fjelseth,  Contact Resistance and the Effects of 
Materials and Process Variables on Contact Resistance and Contact Re-  
' l i ab i l i t y  i n  Switching Devices, SCTM /3A-60 (16) , Sandia Corporation. 
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t h e  m a t e r i a l s  a r e  s t i l l  i n  wide use  today .  Some new, h ighe r - t empera tu re  
m a t e r i a l s  have been developed s i n c e  t h e s e  d a t a  were accumulated.  

F igure  1 shows t h e  weight  loss of c e r t a i n  pheno l i c  m a t e r i a l s .  A l l  
show e i t h e r  a n  i n i t i a l  o r  cont inuous l o s s  g r e a t e r  t han  0 . 5  p e r c e n t .  The 
subsequent  weight g a i n  shown by cu rves  (B) and (C) i s  due t o  o x i d a t i o n .  

A l l  b u t  two of  t h e  epoxy fo rmula t ions  shown i n  F igu re  2 appear  t o  
s t a b i l i z e  a f t e r  an i n i t i a l  weight  l o s s ,  and thus  a r e  a c c e p t a b l e  from a 
weight  l o s s  s t a n d p o i n t .  A t  h i g h e r  t empera tu res ,  t h e  po lysu l f ide -mod i f i ed  
epoxy might g ive  a problem, e s p e c i a l l y  one of  t h e  c o r r o s i v e  s u l f i d e  
n a t u r e .  Curve G shows a one-component, anhydr ive  cured  epoxy. There i s  
a p o s s i b i l i t y  of i n s u f f i c i e n t  cu re  i n  t h i s  m a t e r i a l .  

g l a s s  (Curve C )  i s  s t i l l  showing weight  l o s s  a f t e r  1500 hour s .  The 
melamine-glass (Curve D) was o f f  s c a l e  b e f o r e  t h e  f i r s t  w e i g h h g  was 
made. The s i l i c o n e - g l a s s  (Curve F) i s  showing a tendency f o r  cont inuous  
ou tgass ing  a t  220°F. 

and B.  Nylon (Curve C) shows a somewhat h igh  weight  l o s s  a t  220"F, b u t  
i t  appears  t o  s t a b i l i z e .  Moisture  i s  u s u a l l y  t h e  o u t g a s s i n g  product  w i th  
nylon .  Some nylons s t a r t  t o  o x i d i z e  a t  t h e s e  t empera tu res ,  a s  d i d  t h e  
po lye thy lene  i n  Curve D.  

Figure 5 shows t h e  weight  l o s s  of s e v e r a l  of t h e  h igh- tempera ture  
molded p o l y e s t e r s .  
g a s s i n g  p e r i o d ,  a c c e p t  t h a t  t h e  a c e t a l  r e s i n  i n  Curve H shows a c o n t i n -  
uous weight  loss .  "here  have been s e v e r a l  c o n f l i c t i n g  r e p o r t s  on t h e  
behavior  of t h i s  m a t e r i a l .  

Three m a t e r i a l s  shown i n  F igure  3 a r e  q u e s t i o n a b l e .  The a lkyd-  

F igure  4 shows t h e  ve ry  s t a b l e  f l u o r i n a t e d  polymers i n  Curves A 

?hey a l l  appear  t o  s t a b i l i z e  a f t e r  an  i n i t i a l  o u t -  

F igure  6 shows t h e  ve ry  good behavior  of po lyca rbona te .  (Unfor- 
t u n a t e l y ,  t h i s  m a t e r i a l  i s  q u i t e  s o l v e n t  s e n s i t i v e . )  The s i l i c o n e  rub-  
b e r s  i n  Curves C through F a l l  show l a r g e  and cont inuous  weight  l o s s .  
Some of t h e  more r e c e n t  s i l i c o n e  rubbe r s  a r e  much b e t t e r  and capable  
of h i g h e r  tempera tures .  

Summary 

Process ing  of a p l a s t i c  must be done w i t h  g r e a t  c a r e  i f  a s t a b l e  
m a t e r i a l  i s  t o  be ob ta ined .  Two- o r  three-component systems must be 
a c c u r a t e l y  weighed and thoroughly  mixed i f  t h e  r e a c t i o n  i s  t o  be nea r  
complete and the maximum p h y s i c a l  p r o p e r t i e s  ach ieved .  The cu re  c y c l e  
must be followed r i g i d l y .  It i s  u s u a l l y  f a r  b e t t e r  t o  over -cure  a s y s -  
t e m  than  t o  under-cure i t .  I f  a room-temperature c u r e  and an e l e v a t e d -  
tempera ture  cure are g iven  a s  a l t e r n a t e s  , use  t h e  e l e v a t e d  tempera ture  
c u r e .  When the  weight  l o s s  cu rves  i n d i c a t e  an i n i t i a l  weight  l o s s  f o l -  
lowed by weight s t a b i l i t y ,  we c a l l  f o r  a p o s t - c u r e  , h igh- t empera tu re  
vacuum bake on p a r t s  which can s t a n d  such t r e a t m e n t ,  t o  remove t h e  more 
v o l a t i l e  by-products  of t h e  p l a s t i c  m a t e r i a l s .  

on ly  sma l l  amounts of  contaminat ion .  There a r e  many c o r r o s i o n - r e s i s t a n t  
a l l o y s  a v a i l a b l e ,  and t h e  d a t a  on them i s  s u b s t a n t i a l .  I f  m a c h i n a b i l i t y  
o r  p r o p e r t y  (e .g . ,  magnet ic)  requi rements  f o r c e  s e l e c t i o n  of a more 
s e n s i t i v e  m a t e r i a l ,  a c o a t i n g  can o f t e n  be a p p l i e d  to  p r o t e c t  t h e  

It i s  f a i r l y  easy  t o  s e l e c t  m e t a l l i c  m a t e r i a l s  t h a t  w i l l  produce 

116 



I 

? ? ? $ N .  
3 

? ? ?  $N. 
4 

h 

v 
m 

- 

?m.?- j .N .  
4 

u 
Y 

h 

W 
n 

0081 

OOET 

OOZT 

006 

009 

OOE m 
h 

$ 
o d  

2 
0081 g 

OOST 

OOZT 

006 

009 

OOE 

117 



e 0 

A 
F= 

* .n rl 

m 
v 

!a- Ir. 
* Z Q  

rD 
< e  

rl C%Q c r l  m o  
r m -  

v1 4 
F= 

0 N d a  
P E  N 
w t n  a w  a r  
oel  
2 0  v a n  

4 
v 

I I I I I  

0081 

0051 

00Zl 

006 

009 

006 

? r n ' 9 < ?  
3 

1081 

1051 

30Zl 

306 

009 

h 

006 2 
3 

0 5  
aJ 

C 
008 .4 

00s 

ooz 

006 

009 

OOE 

a 

d 
w 
w 
0 

m 
m 
0 

d m  

118 



0 w 

2 
k 
kl 

tl 
h 

Y 
m 

- !2 
m 

- 2 

[ \  - v) 

h 

v 
k 

W 
z 0 V H 

tn \ d 

h 

v 
0 

OOZT 

006 

009 

- 0 O E  

9 
- 0  2 

h 

v W OOE 

1 1 1 1 1 1 1 1 1 1 1 1  I 

'p 5"?? 'p? "! 9?'p-?N. 
N N N N r l r l r l r l r l  

h 

v 
0 

h 

v 
V 

'0 
aJ 
KJ 
4 
0 
E 

4-4 
0 
m 
m m  
O N  
--la) 

U 
U m  
GaJ 
M h  

B F 4  l-l 

aJ0 3 a  

rl 

a) 

M 
-4 
I% 

5 

119 



m a t e r i a l .  It i s  i n  t h i s  type  of p r o c e s s i n g ,  however, t h a t  problems 
t end  t o  occur .  I f  a me ta l  i s  p a s s i v a t e d ,  o f t e n  t h e  s o l u t i o n  i s  n o t  com- 
p l e t e l y  r i n s e d  from h o l e s  i n  t h e  p i e c e ,  and a r e s i d u e  of c o r r o s i v e  s a l t s  
i s  l e f t .  The same problem can a r i s e  i n  e l e c t r o p l a t i n g ,  a long  wi th  prob-  
lems caused by a too  t h i n  o r  porous p l a t e .  The wrong c o a t i n g  can be 
used ,  a s  was p rev ious ly  mentioned i n  r e g a r d s  t o  cadmium. Coat ings  must 
be chosen and processed wi th  t h e  same c a r e  a s  a l l  the  o t h e r  m a t e r i a l s .  

L u b r i c a n t s  should  be chosen and processed  i n  much t h e  same manner 
a s  p l a s t i c s .  Choose t h e  ones wi th  t h e  h i g h e s t  t empera ture  c a p a b i l i t y ,  
and then  use a minimum amount. I n  t h e  case  of s o l i d - f i l m  l u b r i c a n t s  
w i th  an  o r g a n i c  b a s e ,  t h e  t h i c k n e s s  and cu re  r e q u i r e  good c o n t r o l  and 
t h e  proper  s u r f a c e  p r e p a r a t i o n  must be provided .  It i s  a good i d e a  t o  
r e q u i r e  t h e  same vacuum bake f o r  l u b r i c a n t s  a s  f o r  p l a s t i c  m a t e r i a l s ,  
s i n c e  some v o l a t i l e s  a r e  u s u a l l y  p r e s e n t .  One word of c a u t i o n ,  how- 
eve r , - -do  n o t  use s i l i c o n e  o i l s  and g r e a s e s  i n  a r e a s  where e l e c t r i c a l  
connec t ions  a r e  made and broken.  For example, any s i l i c o n e  vapors  
p r e s e n t  nea r  brushes and commutators w i l l  b r e a k  down i n  t h e  a r c  i n  t h e  
presence  of a i r  and form s i l i c a .  The b rushes  and commutator w i l l  n o t  
s t a n d  up v e r y  long i n  t h i s  environment.  

Sea l ing  should be done mechanica l ly  a s  o f t e n  a s  i s  p o s s i b l e ;  i s  
a p r e f e r r e d  method. Often a simple O-ring s e a l ,  p r o p e r l y  des igned ,  
w i l l  be s u f f i c i e n t  f o r  a he rme t i c  s e a l .  Use s o l d e r i n g  and o r g a n i c  
s e a l a n t s  on ly  as  a l a s t  r e s o r t ,  and then  only  over  a t i g h t  mechanical 
c l o s u r e .  An unmodified epoxy s e a l a n t  i s  most p r e f e r r e d  from a contam- 
i n a t i o n  s t a n d p o i n t .  

Cleaning and hand l ing  can have a s t r o n g  b e a r i n g  contaminat ion  
gene ra t ed  by m a t e r i a l s  and p r o c e s s i n g .  An adequate  c l e a n i n g  and h a n d l i n g  
schedule  of p a r t s  and a s sembl i e s  i s  necessa ry  t o  i n s u r e  low con tamina t ion .  

Many m a t e r i a l s  a r e  s e n s i t i v e  t o  some c l e a n i n g  s o l u t i o n s ,  and t h e  
use of t h e s e  s o l u t i o n s  may make an  o therwise  usab le  m a t e r i a l  unaccept -  
a b l e .  Process ing  d e b r i s  must be removed i f  i t  i n  i t s e l f  i s  no t  t o  cause 
a contaminat ion  problem. Use a c l e a n i n g  sequence which w i l l  remove t h e  
p a r t i c u l a r  contaminant .  There i s  no one s o l v e n t  which can do t h i s .  

can be f a i r l y  e a s i l y  removed, b u t  t h e  c o r r o s i v e  s a l t s  from f i n g e r p r i n t s  
can n o t - - e s p e c i a l l y  by o rgan ic  s o l v e n t s .  Often t h e s e  s a l t s  have a l r e a d y  
done t h e i r  damage b e f o r e  they  can be removed. 'Ihe e f f e c t  of s a l t s  i s  
e a s i l y  seen  i n  copper a l l o y s .  

Handling must be k e p t  t o  a minimum. F inge r  o i l s  and s k i n  f l a k e s  

Conclusions 

A type  of contaminat ion  h a s  been d i s c u s s e d  t h a t  cannot  be con- 
t r o l l e d  even by t h e  b e s t  c l e a n  room, s p e c i a l  h a n d l i n g  and p r o c e s s i n g ,  
and p r e c i s i o n  c l ean ing  p r a c t i c e s .  It i s  contaminat ion  g e n e r a t e d  by 
t h e  m a t e r i a l s  of c o n s t r u c t i o n  themselves .  The only  c o n t r o l  p o s s i b l e  
i n  t h i s  case  i s  i n  t h e  cho ice  and subsequent  p rocess ing  of t h e s e  mate- 
r i a l s .  

Comments on t h e s e  m a t e r i a l s  have been v e r y  g e n e r a l i z e d .  I n  a c t u a l  
p r a c t i c e ,  a f t e r  some p r e l i m i n a r y  r e j e c t i o n  of m a t e r i a l s  by u s i n g  t h e  
ru les -of - thumb mentioned, each choice  must be cons ide red  i n d i v i d u a l l y  
a s  t o  type and amount of contaminat ion .  
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3. MONITORING CLEANING PROCESSES AND PROCEDURES 

MRS. JANUS Y. ELLENBURG 
Hayes Internat ional  Corporation 

Birmingham, Alabama 

The cleaning of corrosion-resistant steel tubing fo r  LOX and pneu- 
matic service i s  specif ied by the s a m e  technique i n  MSFC-SPEC-1OM01671 
and KSC-C-l23(D). A cleaning study program1 w a s  i n i t i a t e d  to  evaluate 
the cleaning process and media of these specif icat ions and t o  revise  
the procedure a s  necessary t o  advance the present state-of-the-art  of 
f i e l d  cleaning. Level 111 cleanliness was proposed a s  a r e a l i s t i c  goal 
f o r  f i e l d  systems. 

Two tes t  f a c i l i t i e s  were constructed fo r  t h i s  program. Prelimi- 
nary tes t ing  of cleaning media was accomplished w i t h  a laboratory pump- 
ing s ta t ion .  Clean-media tha t  were successful i n  the laboratory were 
then evaluated with a closed-loop f i e l d  pumping s ta t ion .  The f i e l d  
pumping s t a t ion  was designed for heavy duty service. 
removable 100-foot test  specimen with two 30-inch sections f o r  hydro- 
carbon and p a r t i c l e  analyses in  the laboratory. 

Solutions were circulated through i n l e t  2-micron f i l t e r s  and re- 
turned to  the storage tanks through o u t l e t  10-micron f i l t e r s .  A by- 
pass system was avai lable  to adjust f l u i d  flow r a t e s  without involving 
the t e s t  specimen. Winter conditions were simulated by passing GN2 
through cooling c o i l s  immersed in the solutions.  The test specimens 
and re turn  l i n e  w e r e  cooled w i t h  an i c e  water bath o r  dry i c e  a s  re -  
quired. There was a sampling p o r t  with an attached Millipore f i l t e r  
bomb a t  the downstream end of the  100-foot test  specimen. The f i l t e r  
bomb w a s  used t o  obtain par t ic le  analyses of the c i rcu la t ing  f lu ids .  
The 30-inch sect ions were returned t o  the laboratory f o r  an ult imate 
cleanliness check on the specimen i t s e l f .  

It contained a 

Both laboratory and f i e l d  tubing specimens were a r t i f i c a l l y  con- 
taminated with a mixture of 90% by weight heavy mineral o i l  and 10% 
t r io l e in .  T i s  m i x t u r e  w a s  representative of typ ica l  lubricat ion 
comr>ositions 8 used fo r  working corrosion-resistant s t ee l s .  The con- 
tamination mixture included 350 mg of the hydrocarbon 

'Research was supported i n  pa r t  by NASA, EDV-151 
contract  NAS8-2483. NASA R p t .  No. 10911, V o l .  I Dec. 
Aug. 1966. 

'Forbes, W. G . ,  "Lubricants and Cutting O i l s  f o r  
John Wiley & Sons, Inc., New York, New York 1943. 
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foot of critical surface area plus the addition of 4% of the total 
hydrocarbon weight as A.C. spark plug dust and salt (l:l), and 3 milli- 
grams of red cotton linters (20-1OOOp in length). 

ation of cleaning, rinsing, and purging was performed according to the 
cleaning procedure under study. 
their efficiency in removing hydrocarbons and particles during the 
cleaning and rinsing cycles in addition to the test sections being 
checked for particles and hydrocarbons remaining on the tubing after the 
cleaning procedure was completed. 

After the pumping stations were fabricated, the sequential oper- 

The various media were monitored for 

Analytical Procedures 

Monitoring the cleaning efficiency of various procedures necessi- 
tated the validation of Test Methods A and B of MSFC-SPEC-1OM01671 and 
KSC-C-l23(D), as well as the development of an analytical procedure for 
the aqueous cleaning media. The nonvolatile residue (NVR) of Test 
Method A was limited to a maximum of 1 mg/sq. ft. of critical surface 
area for Level 111 cleanliness. Prior clean room experience with the 
NVR procedure had often led to negative or erratic results. Erratic 
results could be anticipated since the NVR residue was often less than 
1 mg,  and it was subjected to 2200F for approximately 4 hours. 

In 1957 , Istomina3 showed that an evaluation of this gravimetric 
NVR method was characterized by low sensitivity and accuracy. For 
residues containing 3 mg or more, the error was 42%. For NVR samples 
of less than 3 mg, the l o s s  of residue during treatment of the sample 
on a steam bath was 52%, a s  shown in Table 1. The observations were 
supported by the work of Gebhart and Reynolds4 on the fundamentals of 
the evaporation of hydrocarbons. 
correlation of the proportionality of the rate of evaporation to the 
number of molecules on the surface, i.e., total surface area covered 
with molecules at any instant. The evaporation coefficient for hydro- 
carbons was a function of experimental conditions and not a character- 
istic property. In the determinat'on of hydrocarbons in oil field 
waste waters, Kirschman and Pomery3 measured the rate of hydrocarbon 
loss per hour during the evaporation of solvent extract on a steam bath. 
The average rate of hydrocarbon l o s s  was 8 percent per hour for diethyl 
ether, methylene chloride, chloroform, and benzene solvents. These 
published findings correlated with the results obtained in this study 
that a minimum of a 35 percent evaporation l o s s  could be expected and 
that the losses were dependent upon actual experimental parameters. 
The evaporation of the trichloroethylene solvent on a steam bath with a 
resultant nonreproducible residue was discarded as an unsatisfactory 
procedure. 

They demonstrated the Langmuir-Knudsen 

31stomina, K. E., Trudy Gosurdarst. Nauch. Issledovatel. i Proekt. 

'Gebhart, H. J., Jr. , and Reynolds, W. W., Am. Chem. SOC. Div. 

Inst. Azot. Prom. 1957, No. 8, 248. 

Petrol. Chem., Preprints 5, No. 3, 83 (1960). 

5Kirschman, H. D., and Pomeroy, R., Anal. Chem. 21, 793 (1949). 



TABLE 1 

HYDROCARBON EVAPORATION LOSSES ON A STEAM BATH 

Investigator 

Is tomina 

Kirschman & 
Pomeroy . 

E 1 lenburg 

> 3  
< 3  

Average % Loss 

42 
52 

1-5 8 /hour 

2 
1 

35 
54 

Since the cleaning of the corrosion resistant steel tubing re- 
quired the use of a trichloroethylene rinse, it was still necessary to 
find some way to determine the hydrocarbon content of the rinse. The 
next analytical approach was the concentration of the hydrocarbons by 
evaporation of the trichloroethylene at reduced pressure. This tech- 
nique produced some interesting anomalies. Ten milligrams of U.S.P. 
mineral oil was added to 500 ml aliquots of commercially stabilized 
trichloroethylene. The contaminated solvent was then evaporated at 
83OC and a reduced pressure of 500 mm of mercury produced by a water 
aspirator. The experimental apparatus was similar to Buchler system. 
The evaporation time was 30 minutes in contrast to the usual 4 hours 
that were necessary for evaporation on a steam bath. The evaporation 
was interrupted at about 25 ml total volume so that the samples could 
be analyzed by infrared differential absorption spectrophotometry. 
During the 30 minutes necessary to effect a 1:20 concentration of the 
solvent, approximately 40% of the mineral oil was lost, as noted in 
Table 2. The reason for the l o s s  was the volatility of the mineral oil. 
A l l  or anic compounds have significant partial vapor pressures. 
Dalton s law that the total vapor pressure of a system is the sum of the 
effective partial pressures must be satisfied. During the evaporation 
of the samples, the ratio of the stabilizer to trichloroethylene was 
found to increase. The exact nature of stabilizers used in commercial 
trichloroethylene are proprietary; however, they are organic compounds 
with identifiable infrar d absorption characteristics. Infrared ab- 
sorption at the 2924 cm-f band equivalent to 19 mg of paraffinic hydro- 
carbons was gained from the increase in the ratio of stabilizer to 
trichloroethylene in these experiments. This represented an average 
gain of 190% over the originally added mineral oil; therefore, the two 
sets of errors tended to compensate each other. When the experiments 
were repeated, the contaminated solvent was evaporated on a steam bath 
f o r  about 4 hours to a constant volume of 25 ml. There was a range of 
32 to 54% loss of hydrocarbons and a gain of 16 mg from the stabilizer. 
These experiments again support the literature that the evaporation of 
solvent-hydrocarbon systems are erratic and a function of specific 
analytical conditions. 

It was impossible to analyze quantitatively the trichloroethylene 
for contamination by evaporating the solvent as required in Test Method 
A. The next step was to attempt to find an analytical method that 

$ 
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TABLE 2 

Variation in Composition During Evaporation of 
0.05% Stabilized Trichloroethylene 

Oil Remaining Apparent Gain 
of oil From Oil at 25 ml % Loss 

Me tho d Added Total Volume of Oil Stabilizer % Gain 
T G 3  (mg) (mg> 

Reduced 10 5.75 42.5 20 

Pr e s sur e 10 6.00 40.0 18 

Steam 10 4.62 53.8 15 

Bath 10 6.17 38.3 1 7  

200 

180 

150 

170 

TABLE 3 

Hydrocarbon Recovery From 13X Molecular Sieve at 26OC 

Hydrocarbons Added 
( y/ml trichloroethylene) Percent Recovery 

10 
10 
50 
50 
100 
100 

87 
91 
92 
86 
90 
92 

Average 89.7 

would use the solvent in its original state. The hydrocarbon contami- 
nation was separated from the trichloroethylene by adsorption with 
Type 13X molecular sieves. The sieves were eluted with carbon tetra- 
chloride at 26OC, and the eluate was analyzed for hydrocarbon content by 
infrared differential analysis. The method showed 90% recovery of as 
little as 10 Y/ml of hydrocarbons in trichloroethylene (Table 3). The 
time required for the sieves to come to adsorption and desorption equi- 
librium was 24 hours; therefore, the method was not suitable for routine 
analysis. 

Infrared spectrophotometry would be an ideal solution to the prob- 
lem of analyzing the contaminated trichloroethylene. 
minutes of analytical time would be required per sample, and no labora- 
tory manipulations would result in the loss  of hydrocarbons. Missile 
degreasing grade trichloroethylene, by differential analysis, was 
analyzed in the "as received" condition to a lower limit of sensitivity 
of 150 micrograms of hydrocarbons per milliliter of solvent with a 
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Perkin-Elmer Model 237 infrared spectrophotometer. This arbitrary lower 
limit of sensitivity was imposed by the l o s s  of differentiation of the 
signal-to-noise ratio of the hydrocarbon infrared absorption peak at 
2924 cm-1 imposed over a major absorption peak of the stabilizer present 
in the trichloroethylene. The signal-to-noise ratio was improved by the 
use of a scale expansion accessory to expand a selected portion of the 
total radiant energy output of the instrument. 
possible to expand €he instrument output between 72 and 82% transmission 
at 3000 to 2900 cm’ to lower the limit of sensitivity of the infrared 
differential analysis to 10 micrograms of hydrocarbons per milliliter of 
stabilized trichloroethylene, as shown in Table 4. The absorbances 
followed Beer’s Law and had satisfactory precision. 

In this case, it was 

TABLE 4 

Infrared Analysis of Trichloroethylene 
(Differential Absorption and Scale Expansion) 

Hydroc arL ons 
(Y/ml of trichloroethylene) 

150 
100 

50 
10 

Log Io/I at 2924 cm-1 

0.274 ; 0.275 
0.176 ; 0.177 
0.095 ; 0.097 
0.024 ; 0.021 

Scale expansion provided a suitable method for the infrared analy- 
sis of the bulk quantities of trichloroethylene that were to be used in 
the field pumping station. However, the test sections of cleaned tubing 
were checked in the laboratory after the cleaning procedure was com- 
pleted. If they were rinsed with a solvent having solvency capabilities 
equivalent to trichloroethylene but not having carbon-hydrogen bonding 
to interfere with the 2924 cm’l’infrared band, the limit of sensitivity 
for detecting hydrocarbons could be significantly lowered. The lack of 
carbon-hydrogen bond in the molecule limited the solvents to carbon 
tetrachloride and trichlorotrifluoroethane. 

A comparison of solvent properties as listed in Table 5 .  Carbon 
tetrachloride whould be selected on the basis of the comparison of the 
Kauri-butanol values, which are a measure of the solvent efficiency of a 
material evaluated on a volume basis. The fluorocarbon solvent would 
be selected on the basis of personnel safety. Since these checks were 
to be performed by qualified laboratory personnel in a well exhausted 
hood, the concern for safety was no greater than that for normal labora- 
tory operations. In addition, the carbon tetrachloride had a higher 
boiling point which approximated that of trichloroethylene. 

coated on one side with 10 mg of the contamination oil mixture. A panel 
was then rinsed with 1 ml increments of one solvent for four successive 
times. Each rinsing was collected separately and analyzed for total 
hydrocarbon content by infrared differential analysis. The average re- 
moval rate of 7 tests for each solvent is shown in Table 6. The distri- 
bution coefficient for the fluoronated hydrocarbon was 0.85 while that 

Type 304 stainless steel panels, 3 - 1 / 4  by 1-1/4 inches, were 
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of carbon tetrachloride was 0.98. The actual  minimum volumes of solvent 
necessary t o  e f fec t  these d is t r ibu t ion  coef f ic ien ts  were i n  the r a t i o  of 
1 volume carbon te t rachlor ide to 4 volumes fluorocarbon. These r e s u l t s  
were supported by the same approximate r a t i o  of Kauri-butanol values. 
Material balance s tudies  of r insing contaminated tubing with carbon 
te t rachlor ide showed tha t  99.5 per cent of  the contamination w a s  re -  
covered from the tubing. 

TABLE 5 

COMPARISON OF SOLVENT PROPERTIES 

Kauri-Butanol Toxicity 
Value (ppm by volume) 0 Compound Maximum Boiling P t .  F 

2H2 '3 190 

CC14 172  

118 c2c 13F 3 

130 

114 

31 

200 

25 

1000 

TABLE 6 

RESULTS OF PANEL DEGREASING T E S T S ( ~ )  

Rinse No. 

1 
2 
3 
4 

Total 

Mg O i l  Removed Per Rinse 
(avg. 7 t e s t s )  

C2C13F3 CC l4 

8.50 9.81 
1.10 0.18 
0.24 N . D . <  0.01 
0.13 N.D. < 0.01 

9.97 9.99 

(a) 10 mg o i l  on 3-1/4 by 1-1/4 inches 
Type 304 s t e e l  panels 

I 
- I  
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The investigations of Rather6, Lecomte7, and Simard 8 had all shown 
that the determination of total hydrocarbon matter in refinery effluent 
water was best accomplished by extracting the waste water with carbon 
tetrachloride and quantitatively determining the hydrocarbons by infra- 
red absorption at 3.5 to 3.38 microns. Therefore, the final analytical 
technique for this program consisted of using carbon tetrachloride as 
the extraction medium for monitoring the aqueous solutions and as the 
flushing solvent for the test sections used to determine hydrocarbon 
residues. 
photometric grade, cost considerations dictated the use of the fluoro- 
carbon solvent or trichloroethylene for the larger flushing volumes 
necessary for particle analyses. 
red differential analysis at 2924 cm-l with a Perkin-Elmer Model 237 
double-beam automatic spectrophotometer. The absorbances followed 
Beer's Law and the overall analytical method had 99.5 percent recovery 
of hydrocarbons in the 1 to 10 milligram range. Typical data for ten 
complete analyses showed excellent precision with a coefficient of 
variation of 0.5. 

Since the carbon tetrachloride was required to be of spectro- 

Hydrocarbons were determined by infra- 

Particle populations were determined as directed by Test Method A 
and Level 111 cleanliness of MSFC-SPEC-1OM01671. While the manual count- 
ing of particles leaves much to be desired, no commercially available 
automatic particle counters appear to be able to perform the task with 
precision and accuracy and at reasonable cost. Laboratory technicians 
trained until they were able reproducibly to count standard filters 
seemed to be the best solution of the problem for this program. There 
were over 15,000 particle counts consisting of samples of circulating 
fluids taken in the field with Millipore filter bombs and those of the 
cleaned tubing taken in the laboratory by solvent flush. 
bombs were limited to manual counting. There is some interest in a 
commercially developed television-microscope combination for counting 
filters. The projected television image of the filter can then be 
electronically scanned. However, this instrumentation has not yet 
progressed to being a useful tool. 

The volume of solvent to flush cleaned tubing should be maintained 
at 500 ml/sq. ft. The reduction of volume to 100 ml/sq. ft. that is 
allowable in MSFC-SPEC-1OM01671 for larger parts was unsatisfactory, as 
shown in Table 7. Several 2-inch diameter tubes were contaminated, 
cleaned, and then checked with successive 300 ml portions of solvent. 
Each particle count was an average of 7 tests. While this was not 
extensive testing, it was indicative of a situation that could not be 
ignored. The larger volume of solvent was particularly necessary for 
the fluorocarbon solvents with their lower solvency power since it was 
first necessary to solvate any hydrocarbon "glue" that held particles to 
the wall of the tubing before they could be rinsed out. 

The filter 

'Rather, J. B. , Jr. , et. al. , Anal. Chem. 30, 36 (1958). 

7Lecomte, J. , Bull. SOC. chim. France 1949, 923. 

8Siaard, R. G., Hasegawa, T., Bandaruk, W., and Headington, C. E., 
Anal. Chem. 23,  1384 (1951). 
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TABLE 7 

Particle Removal From Three Square Feet Surface Area 

Rinse No. Volume Used Average Particle Count (a) > 35 Microns 
(ml) C2H2C13 C2F3C13 

1 
2 
3 
4 
5 

300 
300 
300 
300 
300 

(a) Series of 7 tests 

82 
31 
10 
5 
2 

55 
26 
32 
27 
18 

The following conclusions can be drawn from this study: 

1. The NVR procedure is an unreliable method of analysis. 
This unreliability is the result of a thermodynamically 
inherent error since the effective partial vapor pres- 
sures of the organic constituents cannot be eliminated. 

the solvent test solution is a reproducible and precise 
substitute method of analysis. 

2. Infrared differential spectrophotometric analysis of 

3. The infrared technique is simple enough to be adapted 
to on-stream automated control with existing present 
state-of-the-art equipment. 

4.  Fluorocarbon solvents cannot be indiscriminately sub- 
stituted for trichloroethylene in Test Method A since 
they have less capability for dissolving hydrocarbons. 
They require a comprehensive study and revision of the 
test procedure before use. 

5. The minimum value of 500 ml of solvent per square foot 
of critical surface area is essential for effective 
particle removal even for large parts. 

Cleaning Studies 

Once the analytical procedures were determined, Procedure 3 of 
MSFC-SPEC-1OM01671 for cleaning corrosion-resistant steel tubing was 
evaluated. It was soon evident that the excessively high solution 
temperature and the highly alkaline trisodium phosphate specified in 
Procedure 3 created numerous technical and economic problems. Various 
new cleaning media and procedures were then investigated in order to 
develop a new procedure for cleaning corrosion-resistant steel tubing 
in closed-loop systems. 
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During the course of this investigation, 9,300 linear feet of 
tubing was cleaned by using various formulations in the field pumping 
station. 
under diverse environmental conditions. The following generalizations 
were developed from the reduction of this data: 

The tubing could be field cleaned to Level I11 cleanliness 

1. 

2. 

3 .  

4 .  

5. 

6. 

Particles and fibers were removed more efficiently by 
the cleaning cycles than by the rinsing cycles. Clean- 
ing removes approximately 2 to 5 times as many particles 
and fibers as rinsing. 

The rinsing cycles show a maximum in particle and fiber 
removal 5 to 10 minutes after the start of the filtered 
tap water rinse. 

The first 10 minutes of the filtered tap water rinse 
removed at least 90% of the hydrocarbons. 

The rinseability of surfactants and surfactant-soil 
micelles are temperature sensitive in closed-loop 
circulating system. Increased temperature results in 
increased rinseability. At any given temperature, low 
foaming surfactants rinse more easily than moderate or 
high foaming surfactants. 

The particle content of circulating media is not neces- 
sarily a measure of the final level of cleanliness of 
the system. 
pated operating conditions. 

The final hydrocarbon level of cleanliness of a system 
can be related to the angle formed by the cleaning so- 
lution in contact with the contaminated metal surface. 
This equation is 

Each system must be evaluated under antici- 

C = k tan8 

where c = hydrocarbon residue remaining after cleaning 
in mg/sq. ft. 

k = experimental constant for the system 
0 = contact angle 

Velocity Studies 

The evaluation of the GN2 purge of Test Method B of MSFC-SPEC- 
10M01671 was requested in the original work statement of this study. 
The 7 SCFM rate of Test Method B was to be compared to a maximum 
feasible GN2 velocity purge for the same time after the tubing speci- 
mens were cleaned and dried. Test Method B required a GN2 purge of 7 
SCFM for 3 minutes and a 0.4511 Millipore filter downstream of the test 
specinen to retain the dislodged particles. This low flow rate of GN2 
probably did not dislodge all of the particles remaining in the tubing 
after cleaning. To test the validity of this assumption, a maximum 
feasible velocity GN2 purge for 3 minutes was used immediately after 
Test Method B. The maximum flow rate attainable without extensive 
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a l t e ra t ions  i n  the present cleaning system w a s  35 SCFM a t  350 psig. I n  
addition t o  counting the pa r t i c l e s  retained by the Mill ipore f i l t e r s  
from Test Method B and the m a x i m u m  feasible  ve loc i ty  tes t ,  the 30-inch 
tes t  section was returned t o  the laboratory fo r  an addi t ional  pa r t i c l e  
check. The t e s t  section was rinsed with solvent and the pa r t i c l e s  
checked a s  usual by Test Method A. Thus, the t e s t  section provided an 
additional check on the effectiveness of the 35 SCFM purge for  dis-  
lodging par t ic les .  Although the tes t ing  by Test Method B was s a t i s -  
factory t o  Level I11 par t i c l e  population, the addi t ional  3 minute 
maximum velocity purge always dislodged almost three times a s  many more 
pa r t i c l e s  and f ibers  as  shown i n  Table 8. 
cleaned tubing, i t  was evident tha t  the nitrogen veloci ty  of Test 
Method B was not su f f i c i en t  t o  provide an adequate pa r t i c l e  population 
check. A t  t h i s  point i n  the study, an addi t ional  0 . 4 5 ~  Millipore f i l t e r  
was added immediately upstream of the specimen. This eliminated the 
necessity of a blank count on the purging nitrogen. 
assurance tha t  a l l  pa r t i c l e s  retained by the downstream f i l t e r  were 
generated by the specimen. 

After extensive tes t ing  of 

It also provided 

TABLE 8 

Typical Evaluation of the Effectiveness of Test Method B 

Contamination 
Tubing Size Range 

(Inches) (microns) 

Par t ic les  
318 0-35 

36-60 
61-95 
96-135 

136-170 
171-350 

3 5 w  

132  

Test 3 min Max Test Method A 
Method B Velocity Purge After Purges 

263 
6 
0 
1 
1 
1 
0 

567 
13 

4 
0 
2 
3 
5 

Fibers 
0-35 0 10 

36-350 2 10 
351-700 1 5 

7014- 0 3 

Pa r t i c l e s  
1-112 0-35 

36-60 
61-95 
96-135 

136-170 
171-350 

3504- 

100 
2 
0 
0 
0 
0 
0 

275 
1 2  

Fibers 
0-35 4 2 

36-350 8 13 
351-700 0 0 
701+ 0 2 

15  
1 2  

2 
5 
2 
2 

20 
14  

5 
5 
0 
1 
0 

5 
11 
0 
1 
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The variation of GN2 velocity with tubing size could be calculated 

to a first approximation. 
the Perfect Gas Law, a useful equation for the velocity of the nitrogen 
was derived in terms of quantities that could be determined during 
ac tual testing : 

By combining the equation of Continuity and 

V = V  Pd 

where 

v = velocity in ft/sec 
Q = flow in SCFM at exit of 100 foot test specimens 
T = temperature in or at point of measurement 
P = pressure in psia at point of measurement 
d = inside diameter of tube in inches 

A reasonable approximation of the variation in actual tubing 
velocities could then be obtained by measuring the temperature and 
pressure of the gas at points located 10 and 90 feet downstream of the 
beginning of the test specimen. Calculations were made for exit ve- 
locities of 5 ,  10, 1 5 ,  20, 30 ,  and 40 SCFM. These experiments showed 
some interesting anomalies, as presented in Table 9 .  By the time the 
tubing diameter had increased to 1 inch, the exit gas velocity had 
had decreased by a factor of 20. had decreased by a 

Test Method B, and it is one reason why the test is not reliable. 

The velocit 
factor of 80 with 2-inch tubing. This variab 7 e is not recognized in 

TABLE 9 

Observed Tubing Velocities 

Tubing 
Size Flow Rate 
(inch) (SCFM) 

114 5 

30 

318 5 

30 

1 5 

30 

2 5 

30 

Tubing 
Inlet Velocity 

(ftlsec) 

44.0 

81.8 

30.5 

70.5 

3.87 

9.5 

1.035 

2.60 

Tubing 
Outlet Velocity 

( f t / s ec) 

80.5 

166.0 

35.6 

87.0 

3.92 

9.6 

1.035 

2.66 
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Preliminary experiments with purging the cleaned tubing had indi-  
cated tha t  a longer purge time might eliminate most of the pa r t i c l e s .  
A new procedure was i n i t i a t e d  fo r  the remaining 80 experiments. After 
the tubing w a s  cleaned and dried,  i t  w a s  

1. 

2.  

3. Purged f o r  30 minutes a t  maximum feas ib le  veloci ty  

4 .  

5. Checked i n  laboratory by Test Method A (30-inch tes t  

Typical r e su l t s  of the t o t a l  counts of these experiments a re  

Checked by Test Method B 

Checked by 3-minute maximum feas ib le  veloci ty  purge 

Rechecked with 3-minute maximum feas ib le  veloci ty  purge 

section).  

shown i n  Table 10. The following conclusions may be drawn from these 
experiments : 

1. 

2. 

3. 

4 .  

5. 

Test Method B was not  an e f fec t ive  check f o r  pa r t i c l e  
population. 

Gaseous purging of a system a f t e r  cleaning was advan- 
tageous i n  removing par t icu la te  contamination. The 
minimum ef fec t ive  parameters fo r  dislodging pa r t i c l e s  
were a 30-minute purge of GN2 a t  a minimum flow of 35 
SCF'M in  2-inch or  smaller diameter tubing. A higher 
flow r a t e  of GN2 with the resul t ing greater  turbulence 
within the tubing should be used whenever possible. 

A more meaningful gaseous t e s t  method would consis t  
of a 10-minute purge with a specif ied minimum veloc i ty ,  
expressed i n  f t / s e c ,  determined a t  the point where the 
f i l t e r  i s  located fo r  col lect ing the pa r t i c l e s .  A 
recommended minimum veloci ty  would be 10 f t / s ec .  

The use of Test Method A ( l iqu id  flush) to  check the 
pa r t i c l e  population was preferred ra ther  than any 
type of GN2 purge i f  i t  i s  feas ib le  t o  adapt Method A 
t o  the system being checked. 

A sa t i s fac tory  Level 111 p a r t i c l e  check by Test Method 
A on the 30-inch t e s t  section used i n  t h i s  Cleaning 
Study Program w a s  representative of the l eve l  of 
cleanliness of the e n t i r e  100-foot t e s t  specimen. 

There was no d i r ec t  correlat ion between the veloci ty  of the GN2 
and the t o t a l  number of pa r t i c l e s  removed by purging the tubing cleaned 
i n  t h i s  study. However, there was an uncontrolled var iab le  i n  the 
experiments since the tubing was already cleaned before purging. The 
t o t a l  number and s ize  d is t r ibu t ion  of the pa r t i c l e s  remaining a f t e r  
cleaning were purely chance. Additional experiments would be necessary 
t o  ascer ta in  the maximum p a r t i c l e  s i ze  of a spec i f ic  density tha t  could 
be moved by specif ic  ve loc i t i e s ,  as  w e l l  as  t o  determine what corre- 
l a t i o n  exis ted between t o t a l  pa r t i c l e s  dislodged and the ve loc i ty  of 
the purging gas. The removal of  hydrocarbons from tubing by purging i s  
another problem tha t  must be discussed another t i m e .  However, i t  i s  
su f f i c i en t  t o  n o t e  t h a t  anomalies a lso e x i s t  i n  t h i s  f i e l d  and t h a t  t h i s  
techaique merits extensive investigation. 
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Summary 

ta ted the validation of Test Methods A and B. Both methods, per s e ,  
proved to  be inaccurate. Evaporation of the t e s t  solvent of Method A 
fo r  nonvolati le residue content was e r r a t i c .  This procedure incorpo- 
ra ted a thermodynamically inherent e r ror  since e f fec t ive  p a r t i a l  vapor 
pressures of the organic const i tuents  could not be ignored. Infrared 
d i f f e ren t i a l  absorption spectrophotometric analysis  of the solvent t e s t  
solution provided a reproducible and accurate subs t i t u t e  method of 
analysis.  
analysis ,  such as gas chromatography, could be incorporated i n t o  the 
monitoring system. For Test Method B ,  extensive development i s  neces- 
sary t o  correlate  purging parameters with the i n t r i n s i c  v o l a t i l i t y  
charac te r i s t ics  of contaminating hydrocarbons, and with the s i ze  and 
spec i f ic  density of par t ic les .  In  conclusion, i t  must be emphasized 
tha t  there i s  a great gap between recognizing tha t  a t e s t  method i s  
inadequate and defining the basic theore t ica l  parameters necessary to  
upgrade tha t  t e s t  t o  a meaningful and accurate method. 

Monitoring the cleaning eff ic iency of various procedures necessi- 

Other sophisticated ana ly t ica l  methods of instrumental 
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Introduction n 

A l l  ex is t ing  methods f o r . f i n a l  cleaning, r ins ing ,  and drying of 
aerospace vehicle  f lu id  system components require  a r i n s e  and a trans- 
f e r  of the sampling f l u i d  t o  another posi t ion o r  location fo r  analysis.  
Aerospace indus t r ies  have r e l i ed  on c r i t e r i a  t ha t  have not been di-  
mensionally defined, a t  l e a s t  i n  the areas of force of impingement, 
ve loc i ty ,  o r ien ta t ion  of the surface being sampled, accessory sampling 
energy, and other charac te r i s t ics  t ha t  v i t a l l y  a f f e c t  the v a l i d i t y  of 
r e su l t s .  Due t o  t h i s  lack of def in i t ion ,  the r e s u l t s  have been almost 
t o t a l l y  dependent on operator in te rpre ta t ion .  A s  a r e su l t ,  repro- 
duc ib i l i t y  of f i n a l  r i n se  results and hence spec i f ica t ion  conformance 
have been inconsis tent  from program t o  program and, i n  some cases,  
from component t o  component. 

mating the evaluation r insing,  sample co l lec t ion ,  and sample prepa- 
r a t i o n  ( f i l t r a t i o n ,  evaporation, drying, etc.)  operations necessary fo r  
the qua l i f ica t ion  of hardware to  aerospace vehicle  f l u i d  system c l ean l i -  
ness c r i t e r i a  fo r  p a r t i c l e  and nonvolat i le  residue content. 

discussed would permit a l l  of the operations from f i n a l  cleaning through 
seal ing t o  be performed i n  a normal factory environment. This l a s t  
a b i l i t y  i s  not e s sen t i a l ly  novel, but the elimination of the require- 
ment t o  perform separate manual evaluation r in ses  and t o  remove the 
e f f luents  t o  another locat ion f o r  analysis  would provide a new dimension 
of p rac t i ca l i t y .  

Thus, cormnercially clean hardware could be placed i n  a chamber 
and, with no fu r the r  handling, be removed as  qua l i f ied  hardware i n t o  a 
clean environment for  assembly o r  seal ing with no delays due t o  labora- 
tory support a c t i v i t i e s ,  o r  the ex t ra  r insing and processing preparatory 
t o  these support a c t i v i t i e s .  

Adoption of the method would o f f e r  s ign i f i can t  savings i n  person- 
n e l  time and handling costs.  However, the convenience and cost-savings 
f ac to r s  a re  c l ea r ly  secondary to  increased r e l i a b i l i t y  of sampling and 
ana lys i s ,  reduced number of r e j ec t s ,  the use of much more s t r ingent  
p a r t i c l e  l eve l  c r i t e r i a ,  and the capabi l i ty  of defining and programming 
the exact evaluation r ins ing  conditions. 

This paper discusses a means of completely quantifying and auto- 

In  addition t o  providing t h i s  unique capabi l i ty ,  the equipment 
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Soluble Versus Particulate Contamination 

One can develop many classification systems of the sampling 
methods, analytical methods, and tests (including visual inspections) 
that are applicable to the contamination control of fluid-conducting 
surfaces and operational or service fluids that constitute Aerospace 
Vehicle and Spacecraft Operational Fluid Systems. 
fundamental division is the separation of the contaminant being evalu- 
ated into its nature of occurrence; that is, whether it is particulate 
contamination or is essentially fluid contamination. The latter cate- 
gory includes contaminants dissolved in the flush or operational fluid, 
as well as colloids, s o l s ,  gels and particulate suspensions which are 
not filterable by the membranes specified for particulate analysis and 
which are invisible as a separate phase in the specified methods of 
examination of the fluid. 

Probably in initial, 

Sampling of fluid or condensable gaseous contaminants from hard- 
ware is usually performed by a solvent flush which has a known solvency 
for the contaminants of interest or by absorption or absorption on a 
media through which a gaseous test fluid effluent from the surfaces 
being evaluated is passed. 

ature, usually are not critical to the sampling operation for the 
reason that the solvent and the time of contact will usually assure 
that a homogenous distribution of the soluble contaminant will be 
achieved in the effluent, or that a sufficient indication will be 
achieved to flunk the criteria. The condensable gaseous contaminants 
are commonly assumed to be homogenously distributed in the gaseous 
test media by molecular diffusion and by the nominal turbulence of 
minimal sampling flow rates so that any portion of the effluent may be 
regarded as an aliquot. Indeed, it is common practice to limit severe- 
ly the flow rates and pressure in the latter determination and to 
require a quiescent soak time to ensure a representative or significant 
indication of the gaseous condensables. Thus severe energy inputs in 
the sampling process (other than temperature) are usually not necessary, 
and are sometimes regarded as detrimental to the process. 

that fluid or dissolved contaminants in the test medium are normally 
residual -- that is, they were built into the hardware in the act of 
manufacture and will not accrue by transport into the system in the 
operational fluids. Also, they will not ordinarily be generated by 
the system itself once it is closed up and experience only operational 
or blanketing fluid for the remainder of the operational period (before 
system entry for modification, servicing, or component replacement). 

The considerations of optimum sampling parameters for particulate 
Contaminants, however, dictate the use of a diametrically opposed ap- 
proach for this operation. For particulate sampling, temperature is 
not important since molecular diffusion is not involved; also, the 
maximum mechanical energy input conditions attendant to the process 
that can be practicably achieved are desired. 
the system with hammers during sampling, vibrate it with air hammers 
or electric vibrators, produce cryogenic shock by filling it with 
cryogenic fluids, produce maximum turbulence by high-velocity test fluid 
flow (through as large a sampling orifice as possible), and deliberately 
slam fast-acting valves open and closed to produce hydrostatic or 
inertial shock. 

The flow rates and input energy conditions, other than temper- 

These considerations for hardware are based also upon the premise 

Efforts are made to tap 
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Why? Because it is known that mechanical energy is the only ef- 
ficient way of dislodging particles and fibers to permit their removal. 
Whereas the migration of the fluid contaminants is caused by their own 
molecular and atomic energies, all of the motivating energy for the 
diffusion and transport of particulates must come from sources exterior 
to the contaminants. 

In the size-ranges and types of particulates normally encountered, 
the chief concern is with frictional or mechanical entrapment of parti- 
cle matter existent prior to sampling and with materials of construction 
which become particulates during normal operational life of the system. 
The former category includes: casting sand, abrasive blasting media 
and machining tool fragments embedded in metallics, inclusions in 
elastomers, and foreign particles cemented by corrosion products or 
processing fluid residues. The latter category includes in-place cor- 
rosion products, heat treat scale, weld scale, deteriorating conversion 
coatings, plating or nonmetallic coatings, and fragments of the con- 
struction materials. These fragments are generated by shearing, spal- 
ling, fricrion, and fracture due to impact and abrasion, structural 
stress, chattering, vibration, thermal and hydraulic shock, hydrostatic 
pressure, or by any conceivable change of potential-to-kinetic energy 
in the system during operation. 

materials and sound engineering principles wear out. They wear out by 
distortion of or loss of material, some of which moves downstream as 
particulates in the operational fluid. 

The facts are that systems designed with even the most compatible 

Although this function is cumulative and partially time-dependent 
with respect to the aging characteristics of the materials subjected to 
daily and seasonal variation of temperature, operational cycles, seismic 
shock, etc. a representative indication of the particle generating 
potential of systems can best be obtained by an accelerated, vigorous 
energy-input schedule during the evaluation purge or flush for particu- 
lates. 

This operation is intended to knock the obstinate particles loose 
from significant surfaces and produce that efflux of particulates, 
qualitatively and quantitatively representative of those which will be 
spawned by the system in service. 

are well provided for by the selection of suitable solvents or miscible 
gases and by temperature regulation. This is true for the significant 
surfaces of details and assemblies and for operational fluids. 

For particulates however, although some attention is given to 
suitable kinetic energy inputs for operational fluid and for system 
hardware sampling, the parameters of sampling of particles and fibers 
at the detail part level are totally neglected unless the part is a 
conducting component, such as a hose subject to minimum sampling flow 
rates, or a tank subject to defined impingement and flush procedures. 

It is also important to consider that the components for which 
no energy input requirements are defined (that is essentially mono- 
lithic details with exterior or partially exposed and unshielded sig- 
nificant surfaces) comprise probably in excess of 98% of the flyable 
hardware and substantially all of the dynamic hardware -- that is 

As already stated the sampling needs of "soluble" contaminants 
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surfaces which are required to move differentially to perform their 
required function in flight. Outside of orifice plugging consider- 
ations then, these latter components are the very ones that we can 
least afford particle contamination on. They include critical sliding 
and rolling surfaces of valves, pumps, regulators, and actuators which 
take the most mechanical punishment in flight and during transfer 
operations in the ground support equipment. 

parameters for detail parts and components is a very serious error. 
For assembled components and subsystems, it is recommended that these 
be sampled for particulates only when they are experiencing the total 
spectrum and amplitude of launch and flight vibration (or worst-service 
impact for ground equipment) and while they are simultaneously being 
flowed with test fluids that adequately simulate the physical and 
chemical forces of operational flow. In most instances, this is the--- 
operational fluid itself. In addition effluents should be examined 
in total for particulate content, or representatively sampled by means 
of turbulence-producing or isokinetic sampling devices, and processed 
for analysis by microscopic examination of membrane-filtered deposits. 

The failure to supply energy-input requirements for sampling 

For detail parts, the solution to the problem is for the industry 
to adopt automated final rinse methods in a cabinet-type operation, 
with programmed, universally established energy inputs, automatic pro- 
cessing of effluent for determination of particulates, and possibly, 
automatic processing of effluent for fluid contaminant determination. 

Some of the Automatic Final Cleaning Cabinet manufacturers have 
taken steps to integrate automatic particle monitoring devices in the 
fluid streams of their equipment. As yet, however, there is no indi- 
cation that any of them have placed this capability where it will be 
most significant, in the effluent stream from the chamber. 

Also, none has provided the capability for microscopic exami- 
nation of membrane-filtered effluent particulates as a portion of the 
device. This capability is vital because the diagnostic and qualita- 
tive information afforded by microscopic observation of the filtered 
particulates cannot be obtained from any automated counting machines 
existent or conceptual. The zone-sensing devices for counting parti- 
cles in fluids provide information for flowing operational fluid 
streams that microscopic methods cannot, since the microscopic method 
is necessarily a batch type sampling device. 
ever, this limitation does not apply since the automated final rinse 
cabinet operation is also a batch method and the entire effluent from 
it may conveniently and prasticably be routed through the membrane. 
The In Line Filter Holder and Counter (ILFHC) is regarded as an im- 
portant portion of this concept. 

In this application how- 

In Line Filter Holder And Counter 

Figure 1 shows an earlier configuration of the ILFHC proposed 
It is designed specifically for automated Final Rinse application. 

for extremely rapid replacement of the filter medium, low hydrostatic 
pressure application, and simplicity of operation. These are oriented 
toward its intended operation in a semi-fixed, sheltered location on a 
fast, repetitive cycle. 
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The sampling f l u i d  stream enters  the apparatus through the upper 
f l e x i b l e  tubing ( A ) ,  which may be any i n e r t ,  nonfriable,  abrasion- 
r e s i s t a n t  p l a s t i c  such a s  Teflon, Tygon, o r  Kel-F. This tubing must 
be su f f i c i en t ly  long t o  permit the ro ta tab le  portion of the assembly 
( a l l  portions except mounting bracket (0) and the microscope attached 
t o  i t )  t o  r o t a t e  on bearings (M) about the axis  i n  an arc  of 180 de- 
grees i n  e i t h e r  d i rec t ion  from the neut ra l  posi t ion without collapsing 
the  tubing. 

The sampling stream i s  then conducted through the i n l e t  tube (B) 
i n t o  the upper f i l t r a t i o n  chamber and through the f i l t e r  (D) supported 
on the backup screens (E,  F). The f l u i d  then passes out of the assem- 
b ly  through the o u t l e t  tube (H) and i s  returned to  the source system 
through the f l ex ib l e  tube (I). 

through an annular area with an ins ide  diameter governed by an impervi- 
ous concentric c i r cu la r  area (F) i n  the backup screen (E) and an out- 
s ide  diameter governed by e i ther  the chamber walls o r  by a s imilar  
impervious area i n  the backup screen (E) as  required by the microscopic 
f i e ld .  

Note t ha t  f l u i d  flow through the f i l t e r  (D) i s  permitted only 

The chamber i s  dried by valving-off the sample f lu id  stream up- 
stream of i n l e t  tube (B) and downstream of o u t l e t  tube (H) and in t ro-  
ducing a vacuum through (H) su f f i c i en t  t o  cause the vapor pressure of 
the f l u i d  being sampled t o  exceed the absolute gas pressure i n  the 
f i l t r a t i o n  chamber. 

An a l t e rna t ive  method i s  t o  purge the f i l t r a t i o n  chamber by 
introducing a clean, dry ine r t  gas such a s  nitrogen in to  the i n l e t  tube 
(B) t o  carry the sample f l u i d  vapor and l iqu id  residue through the out- 

The p a r t i c l e  matter retained on the f i l t e r  (D) i s  examined, 

l e t  tube (H). .- 

counted, and sized by means of the long-focal-length, approximately 
50-power angle microscope (T, P ,  S ) ,  which views the material  through 
the  op t i ca l  window (C).  The window forms an op t i ca l  qua l i ty  g l a s s  top 
t o  the f i l t ra t ion /count ing  chamber. 

The microscope i s  provided with a traversing mechanism (Q, R, V) 
t h a t  provides controlled l inear  movement in  a t  l e a s t  one horizontal  
d i rec t ion  i n  a plane coincident with the axis  of the t o t a l  assembly so 
the movement of the object ive tube (S) t raverses  the diametric l i nes  
of the f i l t e r  (D). The crank arm and screw (V) turning through the 
f ixed,  matching, i n t e rna l ly  threaded opening i n  the bracket (Q) moves . 
the  yoke (R) t o  which the microscope (P) i s  horizontal ly  gimbaled. 

The a b i l i t y  of the rotatable  portion of the assembly t o  r o t a t e  
180 degrees i n  e i the r  direct ion from the neut ra l  posi t ion,  coupled with 
the  traversing capabi l i ty  of the microscope, allows a l l  portions of the 
f i l t r a t i o n  surface to  be microscopically examined. 

o u t l e t  tube (H) ,  thus compressing the spring (J) and allowing access t o  
the f i l t e r  i n  the opening between the sea l  p l a t e  (N) and the lower 
chamber elements (G,  E ,  F). The spring r e t a ine r  (L) i s  s u f f i c i e n t l y  
s l o t t e d  v e r t i c a l l y  to a l l o w  manual access t o  the f i l t e r  and backup 
screen when the elements of the lower chamber (G,  E ,  F) a re  depressed. 

Used f i l t e r s  a re  replaced by pul l ing v e r t i c a l l y  downward on the 
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During lowering and reseal ing,  the guide rods ( K ) ,  which pass 
through guide holes i n  the lower chamber wall  ( G ) ,  maintain the con- 
cent r ic  and azimuth alignment of the lower chamber with the upper 
chamber. 

Since the spring (J) must exer t  su f f i c i en t  force t o  e f f e c t  a 
f l u id - t igh t  seal  between the lower chamber elements and the sea l  p la te  
and attached elastomer sea l  ( N ) ,  mechanical a ids  can be added to  as- 
s i s t  i n  compressing t h i s  spring during membrane exchange (e.g., a f o o t  
pedal mechanically linked to the ou t l e t  tube (H) o r  the lower f i l t r a -  
t ion chamber elements). 

By means of t h i s  tool  a quantity of the f l u i d  being sampled fo r  
pa r t i c l e s  may be passed through the assembly and the f i n a l  r i n se  cham- 
ber. A preliminary p a r t i c l e  count of the f i l t e r  may then be made, by 
the methods previously described, to determine background contamination. 
The f l u i d  being sampled i s  again flowed through the assembly fo r  a con- 
t ro l l ed  t o t a l  volume of flow, the chamber i s  again vacuum-dried or  
dried by a clean i n e r t  gas purge, and a second p a r t i c l e  s i ze  and count 
made. The s i z e  and count data obtained from the i n i t i a l  f i l t r a t i o n  a r e  
subtracted from those obtained from the second f i l t r a t i o n ,  thus elimi- 
nating the pa r t i c l e  contribution from a l l  sources except t ha t  suspended 
i n  the sample stream. The preliminary equipment f lush and count may be 
eliminated when the background contamination i s  not s ign i f icant .  

In-Line Nonvolatile Residue Sampler Evaporator 

Figure 2 shows a concept of an automated Nonvolatile Residue 
sample collecting and processing device. I n  t h i s  form, automatic read- 
out i s  not i l l u s t r a t e d  although it could be provided. 

disclosed tha t  the vacuum-jacketed Cahn electrobalance of fe rs  ready 
adaptabi l i ty  t o  completely automated NVR sampling, analysis ,  readout 
and recording on e i t h e r  a drop-wise or m i l l i l i t e r  sample quantity bas i s  
i n  cycle times less  than a minute. 

Recent l i t e r a t u r e  references indicate  tha t  some new types of  
automatic NVR analysis machines f o r  on-stream use have been developed. 
However, there seems t o  be some ambiguity i n  the term NVR. I n  the past  
some commercial devices have been referred t o  as  NVR removal o r  pro- 
cessing devices whereas a closer  inspection revealed tha t  they were 
capable only of mechanical f i l t r a t i o n  and hence unable t o  do anything 
about the nonvolatile soluble contaminants which often cons t i tu te  the 
subs tan t ia l  t o t a l  of the NVR. 
analysis device can be used i n  t h i s  application. 

scribed below. 

Since th i s  configuration was proposed fur ther  invest igat ion has 

In  any event any sa t i s fac tory  NVR 

The cycling pr inciple  of the device shown i n  Figure 2 i s  de- 

The f l u i d  t o  be sampled leaves the process or operating f l u i d  
stream (A) a t  supply  port  (B) and i s  conducted i n  a f ree ly  f a l l i n g  
stream by an ine r t ,  nonfriable,  abrasion-resis tanty p l a s t i c  f l ex ib l e  
tubing (C)  such a s  Teflon, Tygon, o r  Kel-F through the chamber i n l e t  
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tube, f i l t e r  o r i f i c e  (D) , and solenoid valve (E) i n to  the NVR cup (F). 
The configuration and capacity of t h i s  cup a re  c r i t i c a l  to the concept 
only i n  the capabi l i ty  of entrapping and retaining a known volume of 
f l u i d  and reproducing the process under repeated cycling of the ap- 
paratus. 

The overflow from the cup drains through the support screen ( H ) ,  
through the solenoid drain valve (I), through the f l ex ib l e  tubing (J) ,  
to  the aspirator  (0).  The f l ex ib l e  tubing (J) has charac te r i s t ics  
ident ica l  to  those of the i n l e t  f lex ib le  tubing (C) . 

The amount of suction produced i n  r e l a t ion  t o  the flow of stream 
(A) can be adjusted e i the r  by ro ta t ing  the asp i ra tor  (0) about an axis  
perpendicular t o  the axis  of the f l u i d  stream ( A ) ,  or  by using an ade- 
quate metering valve. 

The r a t e  of sample f l u i d  stream flow through the NVR chamber (G) 
must be great  enough tha t  the NVR cup (F) overflows during one cycle 
and small enough tha t  the NVR cup does not overflow from the force of 
impingement (sloshing). 

above the leve l  of the l iquid i n  the NVR cup i s  not c r i t i c a l  and i t  
may extend to  the l iquid leve l  to  prevent spat ter ing.  

opened to vacuum l i n e  ( L ) ,  which conducts to a vacuum source capable of 
evacuating the NVR chamber (G) t o  an absolute pressure l e s s  than the 
vapor pressure of the f lu id  being sampled a t  the sampling temperature. 

The r a t e  of vacuum application i s  controlled by o r i f i c e  (D) i n  
the vacuum l i n e  so tha t  the chamber evacuation r a t e  i s  not su f f i c i en t  
to  cause the NVR cup t o  b o i l  over. Since more rapid boiling of the 
sample f l u i d  i n  the NVR cup i s  permissible as the leve l  of l iqu id  i n  
the cup f a l l s  because of the increased "free-board," the evaporation 
i s  i n i t i a t e d  a t  a very slow r a t e  and proceeds t o  a qu i t e  vigorous 
termination point. Timer (N) then c losesva lve  (K) and opens valve 
( M ) ,  which readmits atmosphere to the NVR chamber ( G ) .  

the now dry NVR cup (F) i s  removed by forceps t o  the pan of an ana- 
l y t i c a l  balance f o r  weighing. 
the cup's precycle weight factored by the volume of the cup o r  the 
weight of l iquid entrapped i n  the cup (determined by multiplying the 
volume of the cup by the density of the sampled f lu id)  gives the NVR 
of the sampled f luid.  
and the sampling cycle i s  complete. 

may be the main sequencing t i m e r  of a commercial automatic f i n a l  
cleaning/rinsing/drying machine fo r  which the in - l ine  NVR sampler/ 
evaporator i s  expected t o  be an accessory. Under the  l a t t e r  condition, 
the in- l ine  NVR sampler/evaporator w i l l  sample both the inf luent  and 
eff luent  processing streams of the f i n a l  cleaning/rinsing chambers of 
the commercial machine, o r  w i l l  sample the e f f luent  processing stream 
alone. It  a l so  w i l l ,  i n  conjunction with the in - l ine  f i l t e r  holder/ 
counter, be used as an accessory t o  the commercial machine t o  permit 
t h i s  machine to  be used as  an automated cleanl iness  tes t ing  machine. 

The height of the i n l e t  nozzle to  the chamber (from valve E)  

Valves (E,  I) a re  programed shut by timer (N) and valve (K) i s  

The door (shown i n  phantom view i n  Figure 2 )  i s  then opened and 

The difference between t h i s  weight and 

The NVR cup i s  then replaced i n  the NVR chamber 

The t i m e r  (N) may be appended t o  the apparatus as  shown, o r  i t  
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With present methods, it is necessary to draw a liquid sample; 
transport it to a heated surface, bath, vacuum chamber, or some combi- 
nation of the three; cool the container in a desiccator; and reweigh 
the sample. 

The in-line NVR sampler/evaporator eliminates the extra liquid 
handling and transfer operations by catching the sample and boiling it 
off directly. Increased reliability is inherent in the reduction of 
surfaces that the sample and NVR container touch during processing, 
and there is a corresponding time saving. 

Whatever the configuration, at least a portion of the chamber 
(probably the door) should be transparent so filling, draining, and 
evaporation may be observed without unsealing the chamber. 

the hangdown tube of the Cahn electrobalance and the sample inlet 
valve solenoid E would receive its closing signal from the electro- 
balance output instead of from the timer. The Cahn electrobalances are 
extremely sensitive and rugged instruments which can be programed for 
fast sensitivity and capacity changes. Consequently the timer will 
place the balance in the high capacity-low sensitivity mode for the 
sample influx operation (which will now be weight-measured rather than 
volume-measured by the means already described) and will then program 
to high sensitivity for weight of the residue after the evaporation 
step. Decimal proportion of NVR can be displayed and recorded with 
auxiliary equipment. 

To update this concept to current technology, chamber G would be 

Automated Final Cleaning, Rinsing, and Drying Station 

A typical automated final cleaning, rinsing, and drying station 
(Figure 3) includes an in-line filter holder/counter and an in-line 
nonvolatile residue sampler/evaporator installed in a laminar flow 
bench. These devices arc plumbed to the fluid lines of a commercial, 
automatic final cleaning, rj-nsing, and drying machine. 

Figure 3. Automated final cleaning, rinsing and drying station 
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The characteristics of this machine are 

1. An enclosed chamber has doors for access both to an 
uncontrolled environment and to a controlled environ- 
ment adjacent to the machine. If the machine is used 
in a controlled environment rather than connected to 
one as shown in Figure 3 ,  only one door is necessary. 
The controlled environment is a commercial laminar 
flow bench abutted to the final rinse machine. 

2. Components placed in the enclosed chamber are sub- 
jected to a preprogrammed sequence of operations. 
These operations consist of forceful impingement of 
solvents or solutions, ultrasonic or sonic energy 
applied to the components while immersed in some 
energy-transmission liquid (which may also be a 
solvent or solution streams impinging on the com- 
ponents), flushing by chamber fill and drain, clean 
solvent rinse by immersion or spray, vapor degreas- 
ing, drying by heat and/or evacuation, and cooling to 
approximately environmental conditions. The machine 
need not incorporate all the energy input capabilities. 
Only one processing fluid stream impingement operation 
and one sonic or ultrasonic energy input operation in 
the cleaning sequence are necessary. 
of these operations must be applied to the final rinse 
or rinses. The particular combination of operations is 
not critical to the concept if the energy inputs are 
preprogrammed, and controlled as to nature, intensity, 
and duration. 

Either or both 

3 .  The chamber drains at a selected rate into a storage 
reservoir during the final solvent rinses. Draining is 
complete after the rinses. 

The NVR sampler/evaporator is installed (in terms of fluid flow) 
on the cleaning machine in series with or parallel to the filter/ 
counter. Some agencies consider the filterable solids to be a portion 
of the NVR while others stipulate that the NVR will consist only of 
materials soluble in the carrier fluid. The decision to remove filter- 
able solids by the filter/counter before or after the sample stream 
enters the NVR sampler/evaporator governs whether the flow shall be in 
series with or in parallel to the analytical equipment. 

particles smaller than some specified size that have passed through an 
absolute rated filter, the filter medium will be used in the filter/ 
counter and the NVR sampler/evaporator will be plumbed in series with 
the filter/counter downstream of the latter. 

bined filter/counter and NVR sampler/evaporator or with either item 
separately. 

separate definitive criteria parameters of some specifications, while 
both criteria may be applicable to others. 

If the NVR is defined as consisting only of solubles and or 

The automated final cleaning machine can be used with the com- 

NVR determination or particle contamination determination may be 
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m e  automated final cleaning, rinsing and drying station operates 
as follows: 

1. 

2 .  

3 .  

4 .  

5. 

The operator places the equipment to be cleaned in the 
cleaning chamber of the machine and initiates the auto- 
matic sequencing of the machine. 

The operator, as necessary, installs a clean filter 
medium in the filter/counter and a clean, preweighted, 
NVR cup in the sampler/evaporator. 

When the cleaning and rinsing sequences are completed, 
the operator examines the filter surface for particle 
matter in accordance with the applicable contamination 
control criteria specification, removes the processed 
NVR cup from the NVR sampler/evaporator, and weighs it 
(or only reads the result if a completely automated 
NVR device is used). 

If the determined contamination levels meet the appli- 
cable criteria, he removes the equipment from the 
cleaning chamber of the machine through the door open- 
ing into the clean environment. He then proceeds with 
the assembly and/or sealing operations pertinent to 
the equipment being processed. 

If the determined levels do not meet the applicable 
criteria, the operation is repeated. 

Depending on the number of particles permitted, per size range, 
by the criteria specification, it may not be necessary for the operator 
to replace the filter medium in the filter/counter between cleaning/ 
evaluation cycles. He may, instead, subtract each determined count 
from the preceding count and qualify the cleanliness of the equipment 
by the difference. 
weighings of the NVR cup. 

The automatic sampling/sample-preparation equipment that is inte- 
grated with the machine is installed in a laminar flow bench abutted to 
the machine. 
concept. The sampling assembly could, for instance, be in any environ- 
ment sufficiently clean to allow qualified parts to be removed from the 
chamber without being recontaminated by the environment above the level 
permitted by the applicable criteria. 
laminar flow clean room, a conventional clean room, or simply a con- 
trolled manufacturing or processing area depending on the stringency 
of the applicable contamination control criteria specification. The 
equipment may be installed anywhere, at any distance from the machine, 
on any surface, providing that the evaluation-rinsing effluent stream 
is delivered to it at a velocity sufficient to transport the largest 
and heaviest particles of interest to the applicable contamination 
control criteria specification. 

The type of commercially available cleaning machine.shown in 
Figure 3 is the upright, front and side loading, cabinet type. However, 
any configuration that will provide the minimum capabilities may be 
used. 

The same procedure may apply to the successive 

However, the bench is not an inseparable portion of the 

This environment could be a 
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A separate vacuum pump for the NVR sampler/evaporator or for the 

The only requirement is that 
filter/counter may be provided, or the vacuum capability already exist- 
ent in a commercial machine may be used. 
the vacuum pump be protected from solvent fumes by scrubbers and ab- 
sorbers. 

Summary 

Although development of automated final cleaning, rinsing, and 
drying has progressed, no one has taken the very logical step of making 
these operations the parameters of particle contamination evaluation 
and rinsing. 
control circles) that the sole quantitative content of all vehicle 
fluid system cleanliness criteria specifications for components lies in 
the content of the final rinse, the parameters for which have never 
been quantitatively defined. All effort expended on this activity in 
the vehicle aerospace field has relied on criteria that have not been 
dimensionally defined by determinative parameters, at least with regard 
to force of impingement, velocity (or "volume" of flow), orientation of 
surface being sampled, accessory sampling energy (e.g., insonation), or 
other characteristics that vitally affect the validity of results. The 
effort has depended almost totally on operator interpretation. As a 
result, reproducibility of final rinse results (and hence specification 
conformance) has been very unsatisfactory from program to program and, 
in some cases from component to component. The method described in 
this paper should provide pushbutton reproducibility for the entire 
space vehicle industry, thus permitting interprogram interchangeability 
of cleaned components. The method would also offer significant savings 
in personnel time and handling costs, and increased reliability. 
Finally, the method would permit the use of more stringent particle 
level criteria. 

It is not a well understood fact (outside of contamination- 
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5. A UNIFIED CLEANING FACILITY I N  A CLASS 100 CLEAN ROOM 

J. A. KENAGY 
Special t ies  Department 

Sandia Corporation 
Albuquerque, New Mexico 

ABSTRACT 

A downdraft clean room has been equipped f o r  cleaning and pot- 
t ing  i n  a development shop which provides support t o  various labora- 
tory operations. This par t icular  clean room w a s  designed and b u i l t  t o  
comply with Federal Standard #209 f o r  a Class 100 room. Mechanical 
and e l e c t r i c a l  components a re  cleaned and potted i n  t h i s  clean room 
and the necessary auxi l ia ry  equipment has been in s t a l l ed  i n  the room 
f o r  processing a va r i e ty  of p las t ics  systems. Special care has been 
given t o  handling toxic and flammable materials.  An ul t rasonic  cleaner 
i s  used fo r  rough cleaning and a f i n a l  r i n s e  s t a t ion  is  used f o r  f i n a l  
cleaning. An indium surface cleanliness t e s t e r  i s  used f o r  checking 
components before potting i s  done. Semiautomatic vacuum chambers 
deaerate r e s in  systems during the processing operations. Curing ovens 
and an autoclave a re  a l so  used f o r  post cures on various p l a s t i c s  
sys tems . 

The clean room f a c i l i t y  i n  operation i n  the Development Shops a t  
Sandia i s  designed as a portable u n i t  t o  p e r m i t  reasonable po r t ab i l i t y  
from one building t o  another. The room i s  fabricated i n  f ive  sections 
and bolted together. 
and components and f o r  processing various p l a s t i c s  compounds i s  in-  
s t a l l e d  along the w a l l s .  

fabr icated to  comply with Federal Standard #209 fo r  a Class 100 room. 
Tests a f t e r  i n s t a l l a t i o n  showed the dust count t o  be zero f o r  pa r t i c l e s  
of 0.5 micron and a la rger  count per cubic foot.  The room i s  1OI-x 
25' and was b u i l t  t o  Sandia specif icat ions by Envirco Inc. of Albu- 
querque. The room i s  located i n  the P la s t i c s  Shop inside the technical 
area. The molds, a s  w e l l  as par ts  being potted, must be cleaned and 
mold released, assembled, and preheated before the potting operation. 

fo re  mixing and evacuated a f t e r  mixing. Several of the p l a s t i c s  systems 
require  pouring in to  molds while they a re  under a vacuum of 1 to  3 t o r r  
and with addi t ional  heat t o  maintain the proper temperature. Potting 
and cast ing operations a re  performed with a va r i e ty  of p l a s t i c s  systems 
and hardners o r  ca ta lys t s .  These include epoxy systems cured with 
agents such a s  benzyl dimethylamine, and other amines. The hardners 
present the major problem since they have a greater  i r r i t a t i n g  e f f e c t  
on the skin than the resins .  Polyester r e s in  systems a re  used, and 
these systems a re  usual ly  catalyzed with one of the peroxides, such as 
benzyol peroxide. 

Auxiliary equipment f o r  cleaning mechanical molds 

The clean room uses downdraft laminar flow and i s  designed and 

Some of the p l a s t i c s  systems must be preheated and deaerated be- 
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Since these materials are also flammable, certain additional pre- 
cautions must be taken in handling them in a clean room. Urethane 
resin systems are also used, but most of these are the pre-polymer 
systems in which the diisocyanate and the other components have partly 
reacted before the manufacturer ships the system. The diisocyanates 
are toxic and irritating. Polyurethane foam systems are also used in 
a variety of applications. The fumes emitted during the foaming re- 
actions are quite toxic, and the mixing and foaming operations are 
performed on one of the downdraft benches located inside the clean 
room. 

The Industrial Hygiene Division was called in to review operations 
and to recommend precautionary and emergency measures regarding the 
handling of the toxic and flammable materials. Suggested maximum 
quantities and dissipation times for certain toxic and flammable ma- 
terials were spelled out by members of this organization. The essence 
of their recommendations was that minimal quantities of amine hardners, 
acetone and other flammable or toxic materials, should be taken into 
the clean room. 

Figure 1 shows a cross-sectional sketch of the clean room and 
part of the auxiliary equipment. The first blower (left) supplies 
makeup air to the clean room. Before air is introduced into the clean 
room it is temperature and humidity regulated. Note that the dis- 
charge from this blower is upstream and below the floor grating. This 
provides better mixing of the preconditioned makeup air. The next 
blower has a bank of five blowers that recirculates the air. The dis- 
charge from these blowers enters the plenum chamber and forces air down 
through the filter bank located in the ceiling. 
the air passes through the floor grill and into the suction side of 
the five blowers for recirculation. The next blower is connected to 

The major portion of 

9 
I '  

Figure 1. Cross-sectional sketch of clean room 
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/. three downdraft benches located along the north wall of the clean room. 
The downdraft a i r  which enters  the benches i s  discharged through t h i s  
blower and out through the roof. 
toxic  materials a re  performed on one of these three benches. Dampers 
a r e  located i n  each bench t o  permit re-balancing of the a i r  flow as 
equipment i s  placed on a bench. 

Three p l a s t i c s  curing ovens a re  located on the right-hand s ide  of 
the clean room. These ovens are face mounted i n  the clean room and 
each oven i s  equipped w i t h  i t s  own exhaust blower, which i s  a l so  vented 
t o  the outside through the roof. The ovens a re  standard commercial 
items; they a re  s t a i n l e s s  s t e e l  l ined  with cross-convection r e -  
c i r cu la t ing  hot a i r .  
t r o l l e r  recorded instruments. 

d i t i o n a l  auxi l ia ry  equipment. 
house re -c i rcu la t ing  ul t rasonic  cleaner and f i n a l  r i n se  s t a t i o n  used 
i n  cleaning piece par t s  before assembly o r  pot t ing operations. 
being cleaned a re  lowered in to  the area and sprayed with a hand-held 
adjustable  nozzle sprav gun. An autoclave i s  face mounted along the 
r i g h t  wall. The small autoclave i s  capable of pressures up t o  250 p s i  
and temperatures up t o  400°F. The un i t  i s  used for  curing p l a s t i c s  
systems which a re  thermal s e t t i ng  and which require  dens i f ica t ion  dur- 
ing the curing cycle. The pressurizing media i s  nitrogen. Provisions 
have been made fo r  operating the vessel  under vacuum for  bakeout o r  for  
p l a s t i c s  systems requiring vacuum applications during the cure cycle. 

Weighing, mixing, and poirring of 

Each oven i s  equipped with cam-operated con- 

Figure 2 a l so  shows a cross sect ion of the clean room and ad- 
The apparatus on the l e f t  i s  a Westing- 

Par t s  

II 
I,,-.. 

Figure 2. Another cross-sectional view of clean room 
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Figure 3 .  Cross-sectional view showing 
ultrasonic cleaner 

Figure 3 is a cross section of the clean room showing a convention- 
al ultrasonic cleaner mounted in one of the downdraft benches. This 
unit, manufactured by Turco has a tank of about 14 x 2 4  inches to pro- 
vide space for various combinations of beakers of different cleaning 
and rinsing liquids. A cross-flow clean bench has been installed in 
the right-hand side of the clean room. This bench is complete with its 
own blower system for recirculating the air and filter bank located at 
the rear of the bench. Delicate weighing operations are performed in 
this clean bench, and the cross-flow permits more accurate weighing 
than downdraft out in the main clean room. Cleanliness tests are also 
performed in this bench with an indium surface cleanliness tester. 
Special consideration was given in the design and installation of this 
clean bench to isolate mechanical vibration. This is necessary for 
successful operation of the indium cleanliness tester. 

signed by Mr. Joff Myers, a mechanical engineer in the Development 
Shops organization. These units were also fabricated in the Development 
Shops. 
capability to maintain temperature during the processing cycle. Pro- 
visions have been made to introduce resin systems while components are 
under vacuum. These machines are used for potting and impregnating 
operations. 

Figures 5 through 8 show closeups of the equipment. These are, 
respectively, (1) a front view of one of the downdraft clean benches; 
( 2 )  the ultrasonic cleaning tank mounted in one of the downdraft 
benches; (3)  the final rinse station and the ultrasonic cleaner mounted 
in the clean bench; and ( 4 )  the final rinse station in operation. 

Figure 4 shows one of two automatic encapsulating machines de- 

They are used for evacuating resin systems and also have the 
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Figure 4 .  Automatic encapsulating machine 

Figure 5. Front view of downdraft clean bench 
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Figure 6. Ul t rasonic  c leaning tank 

Figure 7. F i n a l  r i n s e  s t a t i o n  ( l e f t )  and u l t r a s o n i c  
c leaner  mounted i n  bench 



Figure 8. F ina l  r i n s e  s t a t i o n  i n  opera t ion  

Figure 9 shows the  cross-flow clean bench. The Metler s c a l e  on 
t h e  r i g h t  has a capac i ty  of 800 grams. It  i s  a d i r e c t  reading s c a l e  
wi th  an accuracy of l / lO th  of a gram. 
t e s t e r  i s  loca ted  on the  l e f t .  The con t ro l  panel i s  s i t u a t e d  on a 
she l f  above the  o the r  equipment. The small heated pot contains  molten 
indium; next  t o  i t  i s  a r e  order ,  and the next i tem wi th  the  l a r g e  

The indium sur face  c l ean l ines s  

base i s  the indium t e s t e r .  E 
Figure 10 shows the ovens, which a r e  face-mounted along the  south 

w a l l .  Since the  c lean  room i s  kept  under a s l i g h t  p o s i t i v e  s t a t i c  
p re s su re ,  the a i r  leakages through the  ovens and instruments present  
no problem. A i r  leaking i n t o  the  f r o n t  of the ovens when the doors 
a r e  opened i s  c lean  a i r ,  and a l l  a i r  l eaks  around the oven frame work 
a r e  ou t s ide  the  c lean  room. There a r e  s p r i n k l e r  heads mounted along 
t h e  wal l  above the  instruments i n  case of f i r e  i n  the ovens o r  i n  the 
room. There i s  a l s o  a pop-out escape door loca ted  i n  the  f a r  end of 
t he  c lean  room. Should a f i r e  occur between a workman and the  main 
entrance door, he could escape through the  o the r  end of the c lean  
room. 

Figure 11 shows the  autoclave,  which i s  a l s o  mounted along the  
south w a l l  of t he  c lean  room. The face-mounted recorder  c o n t r o l l e r s  
a r e  f o r  temperature and pressure con t ro l .  This autoclave was manu- 
f ac tu red  by the  Red Point  Company, Los Angeles, Ca l i fo rn ia .  F i n a l l y ,  
Figure 1 2  gives  an o v e r a l l  f ron t  view of the c l ean  room. 

Papers 8 and 9 of t h i s  session dea l  wi th  the  indium t e s t e r .  1 
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Figure 9. Cross-flow clean bench 

Figure 10. Face-mounted ovens 



Figure 11. Clean room autoclave 

Figure 12. Overall front view of clean room 
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6. EVALUATION OF AND REQUIREMENTS FOR AUTOMATED 
CLEANING EQUIPMENT 

R. B. HEDRICK 
The Bendix Corporation 
Kansas City, Missouri 

Introduction 

At the present time, few manufacturers make standard line auto- 
mated cleaning systems which include automatic handling methods and 
multisolution cleaning. The reason is that each user of cleaning 
equipment has his own cleaning process and he uses solutions, time 
cycles and scrubbing methods developed for the particular application. 
This problem is magnified when engineers within the same organization 
specify different cleaning processes for related products. These 
practices make it difficult to use automated cleaning systems. 

lar cleaning process must be firm and the product schedules and cleanli- 
ness requirements of the product must justify the added expense of an 
automated system. 
important since the flexibility of most automated cleaning systems is 
somewhat limited. 

Before automated cleaning systems can be considered, the particu- 

Confidence in a particular cleaning process is 

cost 

Automated cleaning systems will cost from 2 to 10 times as much 
as conventional cleaning equipment, which performs essentially the 
same function. The actual cost is proportional to the complexity, 
size, and number of different controls and monitoring features. The 
additional cost, however, can be justified if the following factors 
are carefully considered: 

1. If part cleanliness is critical to product operation or 
manufacturability, the uniform results obtained through 
the use of automated equipment may reduce rejects, and 
the corresponding reduction in rework time and scrap 
may offset the additional cost. 

If solvent reclamation equipment is to be made a part 
of the automated system, the cost savings in solvents 
alone is significant. 

2. 
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3. Automatic cleaning systems require fewer man hours than 
conventional cleaning systems because the operator is 
free to load and unload parts or perform related duties 
while other parts are being automatically cleaned. 
Solvent handling, changing, and disposal time is also 
sharply reduced. 

Seven Stage Automatic Cleaner 

In November 1963, the Kansas City Division of the Bendix Corpo- 
The need was ration saw the need for an automated cleaning system. 

based on the manufacture of a complex miniature electro-mechanical 
device which required precision cleanliness. Production schedules 
were sufficient to justify automated equipment. 
ments of this product dictated the value of uniformity in the cleaning 
process (such as is obtainable only through automation of the cleaning 
cycle). 

Three basic cleaning processes were used once the parts reached 
the clean room assembly area (see Figure 1). These are as follows: 

Cleaning Process No. 1 - A two-Stage cleaning process used to 
clean piece parts before assembly (see 
Figure 2): 

trichloroethylene and blow dry. 

isopropyl alcohol and blow dry. 

The quality require- 

Stage 1 - Ultrasonically clean for 1 to 1-1/2 minutes in 

Stage 2 - Ultrasonically clean for 2 to 5 minutes in 

Cleaning Process No. 2 - A four-Stage cleaning process used to 
clean assemblies: 

Stage 1 - Ultrasonically clean for 1 to 1-1/2 minutes in 

Stage 2 - Ultrasonically clean for 2 to 5 minutes in a 
trichloroethylene and blow dry. 

detergent solution and drip dry for 5 to 10 
seconds. The detergent solution consists of 80 
percent isopropyl alcohol and 20 percent deionized 
water to which is added 0.2 percent Renex 690 (a 
nonionic wetting agent) and 0.05 percent Span 80 
(a nonionic emulsifier). The proportions given are 
in percent by volume. 

alcohol and blow dry. 

rinse. 

Stage 3 - Ultrasonically clean for 2 to 5 minutes in isopropyl 

Stage 4 - Repeat Stage 3 ,  using fresh solvent as a final 
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Figure 1. Seven-stage cleaning station encompassing 
three separate processes 

Figure 2. Two-stage cleaning station 
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Cleaning Process No. 3 - A one-stage cleaning process used only 
for those few parts that are not com- 
patible with the solvents used in the 
other cleaning processes. 

Stage 1 - Ultrasonically clean in trichlorotrifluoroethane 
(Freon PCA or Genesolv D) for 2 to 5 minutes and 
blow dry. 

The blow dry operations each use 15 psig dry nitrogen, and each clean- 
ing process is followed by a vacuum bake. 

Based on the three cleaning processes, specifications were pre- 
pared for a custom-designed automatic cleaning cycle system. 
specification defined a seven-stage cleaning unit that would provide 
an automated means of cleaning parts by using any one or all three of 
the cleaning processes described. Bendix Pioneer-Central Division 
designed and built the seven-stage automated cleaning unit. 

The 

Unit Conso le 

Because of the anticipated complexity of this type of equipment, 
the unit was assembled into two separate stainless steel consoles. 
One console contains seven ultrasonic tanks and a minimum of mechanical 
and electrical components necessary to operate the ultrasonic trans- 
ducers and carrousel handling systems. A second console contains the 
ultrasonic generators, timing devices, solvent storage and filtration 
systems, and other mechanical and electrical components. 

By housing the unit in two separate consoles it was possible to 
locate in the clean room only that portion of the equipment required 
for cleaning of the product. The bulk of the mechanisms that might 
require maintenance was housed in a console which is located outside 
the clean room (see Figure 3) .  Holes are cut in the wall between the 
two consoles to accommodate the necessary piping and electrical con- 
nec tions . 
Operating Sequence 

the same, except that cleaning time in the two trichloroethylene tanks 
is shorter than in the other tanks and the parts are not blown dry 
following the detergent cleaning operation. Experience indicates that 
a white film residue will often remain on parts if they are blown dry 
following detergent cleaning. 

Figure 4): 

The cleaning sequence in each of the seven tanks is basically 

The basic cleaning sequence in each tank is as follows (see 

1. The operator places a fixture load of parts on the car- 
rousel arm and pushes the start button. Solvent is 
sprayed on the walls of the tank to remove any residues 
remaining from a previous cleaning operation or as might 
be deposited between operations. The drain remains open 
during this step and the cleaning fixtures remain sus- 
pended above the tank at this time. 
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2.  The drain closes and the tank i s  f i l l e d  with solvent 
t o  a depth of 5 inches, which enters  the tank through 
spray nozzles. An overflow drain prevents over f i l l ing .  

automatically immersed in to  the solut ion t o  be u l t r a -  
sonically cleaned fo r  a preset  time. 

position j u s t  above the solvent l eve l  and the drain 
opens. A solvent spray begins and r inses  the par ts  
with clean, f i l t e r e d  solvent. 

5. The solvent spray stops and a blow-dry cycle begins. 
Dry nitrogen which enters  the tank through a se r i e s  
of spray nozzle i s  used to  blow the par t s  dry. The 
tank drains completely during the blow-dry step. 

6.  The carrousel handling mechanism ra i se s  the f ix tu re  
load of par ts  out of the tank and ro ta tes  as  required 
t o  position the par ts  over the next- in- l ine cleaning 
tank, The machine then shuts i t s e l f  o f f .  

3. The ul t rasonic  energy i s  act ivated and the par t s  a r e  

4.  After ul t rasonic  cleaning, the p a r t s  a r e  ra i sed  t o  a 

A lack of complete f l e x i b i l i t y  i s  evident i n  a system such as 
th i s .  The t ime  in te rva l  fo r  each phase of the cycle i s  controlled by 
a var iable  timer, but the handling feature  l i m i t s  overa l l  f l e x i b i l i t y .  
The shorter  time cycle i n  the tr ichloroethylene tanks (1 to  1-1 /2  
minutes) i s  accomplished by s t a r t i ng  to  drain the tanks a t  the end of 
1 minute and by making sure the tank i s  dry a f t e r  1-1/2 minutes. Par ts  
i n  the other stages of the respective cleaning process are  not affected 
by t h i s  shorter t i m e  cycle i n  the tr ichloroethylene tank. 

So lven t S y s t em 

tanks. Figure 5 i l l u s t r a t e s  the typical  solvent system. Solvent i s  
pumped from a reservoir through a rough and f i n a l  f i l t e r  i n to  the 
cleaning tank and back in to  the reservoir.  Redis t i l l a t ion  systems 
were considered as  pa r t  of a solvent regeneration system, but due to  
the added complexity and considerable extra  cos t ,  t h i s  feature  w a s  not 
included as  part  of the f i n a l  specif icat ions.  

Each time a new cleaning cycle i s  s t a r t ed ,  solvent i s  pumped 

This uni t  has f ive  closed solvent systems fo r  the seven cleaning 

from the reservoir through a rough and f i n a l  f i l t e r  before reaching 
the respective cleaning tank. The rough f i l t e r  i s  a depth-type 
car t r idge uni t  designed t o  remove pa r t i c l e s  la rger  than 5 microns. 
The f i n a l  f i l t e r  i s  a membrane-type (142 mm s ize)  or ig ina l ly  designed 
to  remove a l l  par t ic les  larger  than 0.5 micron. 

correction. 
solvent from the cleaning tank to the reservoir.  
d id  not move solvent rapidly enough, s o  an air-powered solvent re turn 
pump was added to  each system. The 3-gallon reservoirs  provided were 
of insuf f ic ien t  capacity to  support continuous operations because a 
small amount of solvent i s  l o s t  through the exhaust during each cycle. 
Auxiliary reservoir tanks were added to the two solvent systems o r i -  
g ina l ly  designed to  handle two cleaning tanks. Plans have been made 
t o  add an automatic-fi l l  system on each reservoir  t o  maintain the 
required operating level .  

Several problems associated with the solvent systems required 
The or ig ina l  equipment had a gravi ty  drain used to move 

This type of drain 
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Figure 3.  Operating console (outs ide  c lean  room) 

SPRAY 
RINSE YIALLS OF C L E A X ! G  TAf!K 
WITH DRAIN OPEN (25  SECOMOS) 

SPRAY P A R T S  YilTH SOLVENT 
A N 0  DRAIN TANK [20 SECONDS]  

CLOSE DRAIN AND 
F i l l  TANK 130 SECONDS]  

BlOiY PARTS DRY 145 SECONDS]  

LOYIER PARTS AND 
ULTAASOt i ICALlY  CLEAN 

12% WINUTES) 

FliilSH CYCLE 

Figure 4. Automatic c leaning cyc le  
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ULTRASOlllC 

Figure 5. Individual tank schematic 

When solvent qua l i ty  was evaluated by counting pa r t i c l e s  and 
checking for  dissolved contaminants (nonvolati le residues,  ( N V R ) ,  i t  
was discovered tha t  the rough f i l t e r s  themselves added dissolved con- 
tamination to  the solvents. A t  t h i s  time, Bendix has not found a 
su i tab le  depth-type f i l t e r  which does not give off NVR, although sever- 
a l  brands have been tested.  To minimize NVR contamination, the rough 
f i l t e r s  a r e  now washed before in s t a l l a t ion .  Since the rough f i l t e r s  
do not require frequent changing (only about once per month) NVR con- 
tamination has not proved to be a major problem, although i t  i s  hoped 
tha t  a sui table  f i l t e r  w i l l  be found soon. 

dissolved contamination, but the flow r a t e  was inadequate fo r  the 
three systems which use isopropyl alcohol. One membrane f i l t e r  w a s  
found to  have an adequate flow r a t e ,  but i t  too added dissolved con- 
tamination. To eliminate the addition o f  dissolved contamination, the 
f i l t e r i n g  capabili%y was compromised a t  0 .8  micron, and a Gelman, 
Triacetate  Mctricel F i l t e r  No.  GA-4 i s  now used. 

The membrane f i l t e r  o r ig ina l ly  used did not give o f f  s ign i f icant  

I n  t h i s  automated system, the solvents a re  r e f i l t e r e d  before each 
usage but no bu i l t - i n  controls (such as  r e d i s t i l l a t i o n  systems) were 
provided t o  keep the solvent from being degraded by dissolved contami- 
nation. Before the machine was purchased, i t  w a s  decided to  i n s t i t u t e  
a bulk or  mass precleaning process before moving a l l  p a r t s  i n to  the 
clean room. T h i s  proved to be an important s tep  i n  preventing rapid 
bui ld  up of dissolved contamination i n  the closed solvent systems. 
The amount of NVR accumulated i n  the solvent i s  monitored a t  regular 
in te rva ls  with a solvent puri ty  meter developed by Sandia Corporation. 
The solvent i s  changed when the NVR content exceeds 75 ppm (parts-per- 
mil l ion) .  Under conditions of constant use, the solvent and membrane 
f i n a l  f i l t e r  are changed once each s h i f t .  
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Special Features 

Any number of special features can be added to the equipment to 
The simplify the operation and help ensure high quality performance. 

following is a list of special features included on this equipment: 

1. 

2. 

3. 

4 .  

Red-Green (go-no-go) lights indicate when the solvent 
level in the reservoir is sufficient for proper oper- 
ation. Red-Green lights also indicate when filter 
changes are required as signified by an excessive 
pressure drop across the filters. 

The cleaning cabinet is built into a downward, laminar 
flow, clean air shower. 

Each of the seven tanks and both cabinet consoles are 
vented to protect against toxic or flammable fumes. 
When designing an exhaust system, one should be sure 
to consider that some solvent vapors are heavier than 
air. An excessive amount of solvent can be lost 
through the exhaust system, which should be designed 
to minimize this loss. 

All mechanisms necessary for operation of the special 
features are housed within the cabinet consoles. As 
a safety feature, the cleaning operations automati- 
cally stop if any of the service accessibility panels 
are opened. It has been suggested that maintenance 
of the equipment would have been simplified if (in- 
stead of placing the motors, pump, and electrical 
controls in a console) the respective items were 
mounted on the outside wall of the clean room. 

Benefits of the Automated Cleaning System 

vantages 

1. 

2 .  

3 .  

4 .  

The seven-stage automated cleaning system has the following ad- 
over the conventional type ultrasonic cleaning units: 

In the conventional cleaning units, the solvent was 
placed in a beaker suspended in a coupling fluid with- 
in the ultrasonic tank. The beaker type cleaning 
arrangement was necessary to conserve solvent and to 
allow for the convenient changing of solvents. The 
automated system automatically changes solvent and 
does not depend on a coupling fluid, which would 
introduce losses of cavitation efficiency. 

More parts can be cleaned in a shorter time with less 
operator effort. 

The unit requires less floor space than a quantity of 
conventional cleaners capable of the same total clean- 
ing output. 

By performing all cleaning operations in one unit, 
other equipment related to cleaning operations (such 
as, vacuum bake ovens and storage cabinets) can be 
conveniently located. 
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Generally speaking, t h i s  automated cleaning system has proved i t s  
value since i t  became operational about 2 years ago. Several new mini- 
a ture  assemblies now specify cleaning processes compatible with the 
seven-stage automatic cleaner and the future  of t h i s  and other  auto- 
mated cleaning systems a t  Bendix appears promising. 

Automated Printed Ci rcu i t  Board (PCB) Cleaning Equipment 

Specifications have been wri t ten fo r  a new automated cleaning 
un i t  soon t o  be purchased. This new system w i l l  be designed to  clean 
copper-clad printed c i r c u i t  panels before application of photosensitive 
r e s i s t .  The new system w i l l  be considerably d i f f e ren t  from the seven- 
stage miniature par ts  cleaning u n i t  i n  both design and application. 
Experience gained from using the seven-stage system proved valuable i n  
preparing the specification fo r  t h i s  new automatic cleaning equipment. 

General Automated Cleaning System Considerations 

Specifications f o r  an automated cleaning system should be b u i l t  
around a par t icular  cleaning process. A logical  s tep before writ ing 
such a specif icat ion i s  t o  contact manufacturers o f  re la ted  cleaning 
equipment and automated handling systems to  determine what new and 
unique methods are avai lable  fo r  consideration. The mode of cleaning 
may be any of the standard u l t rasonic ,  spray, scrub, vapor degrease 
methods o r  any combination. 

Handling Systems 

sequence deserves primary consideration. The f l e x i b i l i t y ,  timing 
cycles,  s i ze  of un i t ,  and simplicity of the cleaning operation i s  
dependent upon the par t icu lar  method selected.  

mechanisms: 

The handling system o r  method of moving par t s  through a cleaning 

The following i s  a l i s t  of some general types of handling 

1. CARROUSEL - This method i s  idea l  f o r  systems where the 
cleaning t i m e  i n  each solut ion i s  the same. The car- 
rousel r a i se s ,  lowers, and ro t a t e s  as  required to  po- 
s i t i o n  p a r t s  fo r  cleaning and to move pa r t s  from tank 
t o  tank. 

2. CONTINUOUS CHAIN - The p a r t s  move continuously follow- 
ing the path of the chain. This method i s  e f fec t ive  
and can allow fo r  d i f fe ren t  time in te rva ls  i n  the 
various cleaning solutions.  Cleaning tank s izes  a re  
usually coordinated with the handling sys tem to achieve 
the desired t i m e  cycle. Cleaning time i n  the various 
tanks can be var ied by changing the speed of the chain, 
but t h i s  means t h a t  the cleaning time i n  a l l  tanks i s  
proportionately changed. 
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3 .  CONVEYOR TYPE - Numerous versions of conveyors a r e  used, 

4 .  MECHANICAL LIFT - This method r a i se s  and lowers pa r t s  

especial ly  on spray cleaning systems. 

in to  a tank and moves t o  the next tank on some s o r t  of 
track. Many d i f fe ren t  versions a re  avai lable .  

Solvent Systems 

The solvent system should be carefu l ly  evaluated because the 
a b i l i t y  of the u n i t  t o  clean par t s  i s  dependent upon the solvent 
c leanl iness ,  and the cost  of high pur i ty  solvents i s  a major par t  of 
the cost  of cleaning par ts .  The complexity of the solvent system i s  
dependent on the kind and volumes of solvents required. 

I f  the par t s  cleanliness i s  not overly c r i t i c a l  and high volume 
cleaning i s  desired,  the only solvent system required can be within 
the cleaning tanks themselves. By maintaining a volume of solvent i n  
the tank considerably grea te r  (100 t o  1 minimum) than the volume of the 
pa r t s  being cleaned, the solvent i s  not rapidly contaminated. A pump 
and f i l t e r  arrangement can be included t o  r ec i r cu la t e  and f i l t e r  the 
solvent within the tank. The solvent,  however, should not be recircu-  
l a t ed  while the ul t rasonic  cleaning cycle i s  i n  operation. 

Where par t s  c leanl iness  i s  very c r i t i c a l ,  i t  i s  wise t o  r e f i l t e r  
the solut ion each time it  i s  used. This type of solvent system i s  the 
kind used on the seven-stage automated system. In order t o  change and 
f i l t e r  the solvent rapidly,  a reservoir  i s  required. F i l t e r s  can 
e f fec t ive ly  remove pa r t i c l e s  f r o m  the solut ion,  but some dissolved 
contamination w i l l  be added during each cycle. 
tamination of the solvent by dissolved contaminates, the volume of 
solvent i n  the reservoir  should b2 a minimum of 10 gallons fo r  mDst 
systems designed t o  clean small par ts .  

The f i l t e r s  and pumps must be carefu l ly  selected.  Advertising 
statem'onts t ha t  a ce r t a in  f i l t e r  i s  compatible fo r  use with a ce r t a in  
solvent does not always guarantee i t  w i l l  not add dissolved contami- 
nation t o  the solvent o r  tha t  a r e a l i s t i c  volume of solvent w i l l  pass 
through the f i l t e r  a t  reasonable pumping pressures. Pumps with an 
adequate capacity should be selected t o  allow fo r  pressure drops across 
the f i l t e r s .  In  addition the v iscos i ty  and weight of the various 
solvents a re  d i f f e ren t  enough t o  make a difference i n  pump capacity 
requireinents i n  d i f f e ren t  solvent systems. 

d i s t i l l a t i o n  system t o  regenerate the solvent each time i t  i s  used, o r  
continuously as i t  i s  being used. With some solvents ,  d i s t i l l a t i o n  i s  
f a i r l y  simple and not very cost ly ,  but with other solvents i t  i s  qui te  
cos t ly  and not  very prac t ica l .  
vents ($1.00 t o  8.00 per gallon i s  typ ica l )  could, however, i n  many 
cases warrant the addition of expensive conplex d i s t i l l a t i o n  systems. 
The d i s t i l l a t i o n  equipment and f i l t e r i n g  system combination w i l l  guard 
against  the poss ib i l i t y  of using a shipment of poor qua l i ty  solvent. 

To  prevent rapid con- 

The more s t r ingent  solvent system would include a f i l t e r i n g  and 

The greater  cos t  of high pur i ty  so l -  
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Monitoring Devices 

Any automated equipment requires monitoring devices to  control 
operation and ensure safe  operation. 
as  ul t rasonic  cavi ta t ion,  solvent c leanl iness ,  solvent temperature, 
f i l t e r  conditions, solvent leve l  should be considered before a speci- 
f ica t ion  fo r  automated cleaning equipment i s  prepared. 

Equipment t o  monitor such things 

Summary 

The automation of cleaning equipment i s  a big s tep toward meet- 
ing the ever-increasing cleanliness demands of many new 'products. 
This type of equipment should not be purchased haphazardly. Careful 
planning i s  necessary t o  make the most of such equipment. The prepa- 
ra t ion  of a thorough specif icat ion and the u n i t  design and fabricat ion 
s teps  a re  time consuming and a t  l e a s t  a year shmld  be allosed i n  the 
planning to  accomplish these steps.  

l imited,  the equipment should be designed around a proven cleaning 
process. The par t icular  cleaning process selected w i l l  have t o  be 
based on the type of par t s ,  mater ia ls ,  and cleanl iness  requirements of 
the par t icu lar  par ts  involved. 

To o f f s e t  the added cost  of such automated equip;nent, the pos- 
s i b i l i t i e s  for  cost saving features  should be evaluated. Reclamation 
of solvents,  l a b o r  saving features ,  and improved qua l i ty  a re  obvious 
p o s s i b i l i t i e s  that  can lead t o  ult imate cost  savings. 

counters and solvent puri ty  meters) should be pgrformed to  check out  
the compatibility of materials,  f i l t e r s ,  pumps, and other equipment to  
be used with the respective solutions.  

Because the f l e x i b i l i t y  of automated cleaning equipment i s  

Tests (using monitoring instruments such as liquid-borne pa r t i c l e  
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7. REVIEW OF SURFACE CLEANLINESS TESTS 

by L. K. Jones 

Presented by 

C. W. JENNINGS 
Sandia Corporation 

Albuquerque , New Mexico 

After reading the t i t l e  of t h i s  t a lk ,  you may have been prepared  
t o  l i s t e n - t o  what could be described as  a rerun of a summer replace- 
ment TV program. Certainly, a de ta i led  discussion of a "review of 
surface cleanliness tests" would be a "rerun" of what many of you have 
already heard a t  other  conferences on contamination control o r  w i l l  
hear a t  t h i s  symposium 

spray, solvent ex t r ac t ,  indium adhesion, radioactive t racer ,  e l e c t r i -  
c a l  conductivity of water rinse,  p a r t i c l e  counting, gravimetric, l i g h t  
sca t te r ing ,  test cu l tures ,  and even such a common tes t  as v i sua l  
examination. 

Such a review would probably include contact angle, atomizer 

Many f i n e  conference papers and journal a r t i c l e s  have been pre- 
pared on the subject of mmitoring fo r  par t icu la te ,  f i lm, and micro- 
b i a l  contamination. M r .  William Hum2 of McDonnell Aircraf t ,  f o r  one, 
has reviewed a number of t e s t s  i n  Electronic Components i n  the Clean 
Room presented a t  the National E l e c t r o n i c x c E a g i n i  P r o d u c t i o n  
Conference i n  Long Beach ea r l i e r  t h i s  year. I n  f a c t ,  a number of 
excellent papers now beicg presented a t  t h i s  par t icu lar  AEC-NASA Sym- 
posium describe i n  precise  de t a i l  e i t he r  spec i f ic  surface cleanl iness  
t e s t s  o r  specif ic  monitoring procedures which r e l a t e  t o  the cleanl iness  
of surfaces. Since these papers, i n  a sense, cons t i tu te  a review, we 
w i l l  discuss the problem w i t h  surface cleanl iness  tests and their 
capab i l i t i e s  and l imitat ions.  

capable of detecting contaminants within a given category, t h a t  i s ,  
soluble, insoluble,  organic, inorganic, f i lm, par t icu la te ,  and micro- 
b i a l .  
to  very sensi t ive.  For example, yesterday, there were discussions on 
the solvent pur i ty  meter and the nephelometer technique, which are 
capable of detecting down to  a few ppm. 
t i v i t y  of the l i qu id  conductivity test. 
chemical detection of contamination which w e  found could detect  t o  
f rac t iona l  micrograms/cm2. I f  proper ca l ibra t ion  can be made with 
suspected contaminants, monolayer l i k e  amounts can be detected by 
infrared multireflectance o r  by the indium adhesion t e s t e r .  

Many types of tests available,  spec i f ic  t e s t s ,  i n  general ,  a r e  

The s e n s i t i v i t y  of th2 t e s t s  may vary from re l a t ive ly  insens i t ive  

We heard about the high sensi-  
Then there i s  the radio- 
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Each t e s t  has i t s  l i m i t  of appl icabi l i ty  - there i s  no such 
thing as a universal or  idea l  t e s t ,  though we a re  constantly seeking, 
to approach such. I f  we had one, i t  would be "a simple t e s t  with a 
minimum of human fac tor  involved, one which was repeatable and yielded 
some number on a "contamination scale" - one capable of identifying a l l  
types of contamination (organic o r  inorganic) on a l l  types of substrates 
while being nondestructive t o  the substrate." 

Although we do not have such a universal  t e s t ,  we do have a 
var ie ty  of t e s t s  a t  hand and when these a re  properly used i n  a compre- 
hensive sequence, one can t e s t  an item for  almost any combination of 
contaminants. In addition we have a l l  the modern ana ly t ica l  chemical 
instrumentation techniques avai lable  to  a s s i s t  these t e s t s .  

the problem? 
I f  a l l  these t e s t s  and techniques a re  avai lable ,  what then i s  

The problem I think r e l a t e s  largely t o  personnel. 

1. We need the depth t o  be knowledgeable of the chemistry 
and mechanics of contamination - prevention, removal, 
and detection -- and the breadth to  be knowledgeable of 
the many s i tua t ions  where Contamination may a r i se .  

2. We need to have the capabi l i ty  of integrat ing t h i s  
knowledge w i t h  the varying conditions of production and 
f i n a l  use of the various items. 

3. We presurably recognize the problems of contamination 
prevention, removal and detection; w e  need t o  have 
others recognize these problems and t o  implement what 
i s  known i n  actual  production. 

While a very ta lented and v e r s a t i l e  person could f i l l  a l l  the 
needs l i s t e d ,  we would f ind tha t ,  because of the scope of the problems, 
a selected group with varying overlapping t a l en t s  would be required t o  
provide the depth, breadth, and capab i l i t i e s  t ha t  a r e  necessary. 
Meaningful cleanliness t e s t s  can be applied t o  production i t e m s  only 
through the cooperative e f fo r t s  of several  d i f f e ren t  discipl ines .  

For  example, the t e s t s  have t o  be applied to  ac tua l  components o r  
par t s  o r  structures being produced i n  plants ,  of ten some distance away. 
One m u s t  determine the r e l a t ion  of c leanl iness  t o  the function of the 
pa r t  o r  f i n a l  assembly. How much contamination can be tolerated and 
how i s  t h i s  to  be determined and mmitored? Here the group with i t s  
var ied experience and d isc ip l ines  needs to  coordinate with the design 
and production engineers to  achieve pract icable  workable solutions.  

control  group that  i s  usually too small, i f  i t  ex i s t s  a t  a l l .  This 
group often has l i t t l e  respons ib i l i ty  and e s sen t i a l ly  no authori ty  for  
production items and i s  permitted to serve i n  i t s  control  capacity only 
when ca l led  upon. A s  a general ru l e ,  the overa l l  e f f ec t  of control  i s  
sporadic and fragmentary because of the tremendous range of the problem. 

o r  from the studies being performed on old and new control procedures, 
o r  the program any organization may have i n  connection with contami- 
nat ion control,  

I n  many indus t r ia l  and governmental organizations, we f ind a 

This does not de t rac t  from the e f f o r t s  of these control groups, 

It i s  a hard f a c t ,  however, t ha t  we have been caught 
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5 up in a new requirement in technology where the supply of knowledge- 
able people is short and the problems are many. Someone has suggested 
that specialized training of the college level be provided in contami- 
nation control. We heartily agree that all haste should be made in 
this direction and we would recommend that considerable thought and 
planning be given to the organization of such training. It is also 
indicated that considerable thought should be given to the organ- 
ization and management of the control effort. 

can provide sufficiently trained personnel and adequate funds to handle 
its in-house problems. What about the smaller organization who either 
does not have an adequate staff or has no staff at all? Many of these 
organizations are entering into a highly competitive and very demand- 
ing market. They will be forced to look for the talented and versatile 
person mentioned earlier. In the meanwhile, it is imperative that we 
as AEC and NASA design agencies - and other large organizations - 
recognize that very close liaison is necessary if the contractor, small 
or otherwise, is not "up" on contamination control. We are quite prone 
to assume that a specification requiring cleaning, contamination con- 
trol, and cleanliness verification will give us what we want. It has 
been our experience this is not enough. For example, in the production 
of sensing devices it has often been necessary for us to educate the 
supplier on the need and philosophy of cleaning and contamination con- 
trol. By philosophy we mean the overall cleanliness effort that one 
does not clean or test a part and then put it in a container where it 
could pick up Contamination from the container during storage before 
the next assembly. 

with time will slowly eliminate the problem. 
are trained, as the various phases of contamination control become 
more closely coordinated, as each group from management on down recog- 
nizes the importance of control, then perhaps the application of 
cleanliness tests - the moment of truth in contamination control - will 
no longer be a problem. 

A l l  of this is well and good for the larger organization which 

It is possible we are belaboring the obvious and that evolution 
A s  more and more people 
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8. PRINCIPLES OF OPERATION OF THE INDIUM ADHESION TESTER 
USED FOR SURFACE CONTAMINATION MEASUREMENT3 

G. L. KRIEGER 
Electro-Explosives Division 

Sandia Corporation 
Albuquerque , New Mexico 

Abstract 

The basis for the use of solid-solid adhesion as a measure of 
surface cleanliness is discussed. Equipment and procedures are de- 
scribed for practical use of the effect, and typical test results are 
given. 

The performance of the indium adhesion test for surface cleanli- 
ness is based upon the phenomenon of adhesion between solids. This 
has been the subject of study by a number of investigators fbr-pany 
years and has only recently become well understood. It has been known 
for a long time, however, that adhesion is very sensitive to surface 
contamination. Nevertheless, to our knowledge, there has not been any 
previous use made of this effect as a quantitative measure of surface 
cleanliness. The reason may be the peculiar difficulties of making 
such measurements under ordinary laboratory conditions. 

Two solid substances placed in contact adhere if the interfacial 
energy is less than the sum oC the two surface energies. Many solid 
materials have intrinsic surface properties fulfilling this require- 
ment for adhesion, so that the formation of adhesive junctions is 
limited by surface cleanliness. However, observable adhesion does not 
occur between most solids even when they are as clean as modern labora- 
tory room conditions permit. 
previously been attributed even to strictly clean surfaces through an 
explanation arising out of the work of J. S .  McFarlane, D. Tabor and 
F. P. Bowden.lY2,3 

This absence of observed adhesion has 

$loore, A .  J. and Tabor, D. , Brit. J. Appl. Phys., 3, 
p. 299 (1952) 

'McFarlane, J. S. and Tabor, D. , Proc. Roy. SOC. , A202 , 
pp. 224-243 (1950) 

3Bowden, F P., Adhesion and Cohesion, Elsevier Pub. Co., New 
York, 1962, pp. izi-14- 
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It appeared that although strong adhesive bonds are indeed 
formed, these bonds are usually broken by the release of elastic 
stresses in the material when the forming pressure is removed. 
idea is supported by the fact that observable adhesion varies with the 
hardness of the substance used, sufficiently soft materials exhibiting 
strong adhesion when clean, presumably because of the predominance of 
plastic deformation over elastic distortion. Previous descriptions4,5 
of the indium adhesion test have, therefore, given the softness of 
indium as one of the properties responsible for its outstanding per- 
formance as an adhesive probe for surface contaminants. The fact that 
indium also benefits from forming a very thin self-protecting oxide 
film which is easily ruptured was indicated as of possible secondary 
importance. 

More recent experiments by investigators using ultraclean sur- 
faces have change this picture considerably. K. I. Johnson and 
D. V. Keller, Jr.g report a large observable adhesion between the hard 
metals, molybdenum and titanium, when they are sufficiently clean. 
This certainly implies that the easy rupturing of a surface layer such 
as occurs when indium is pressed against another surface is the domi- 
nant factor making adhesion measurements possible under ordinary room 
air conditions. 
direct effect upon its sensitivity to contaminants as an influence on 
adhesion. A practical test requires the use of a soft material which 
ignores the effect of room air contamination on its own surface and 
can therefore be a probe for the contaminants of interest on other 
materials. This is the basis for the use of indium adhesion as a 
measure of surface cleanliness. 

This 

In other words, the hardness of a metal has an in- 

This effect can be quantitatively defined in terms of the ratio 
of the tensile force for adhesive failure to the force used to form 
the adhesive junction. This is known as the coefficient of adhesion, 
U. Figure 1 is a graphical representation of this observation as 
presented on a strip chart record. The proper performance of this 
measurement, although it is relatively simple, requires the observance 
of certain careful steps, the importance of which may not be im- 
mediately obvious. Special equipment has been constructed and used 
for this purpose., This is shown photographically in Figure 2 and 
functionally in Figure 3. Briefly, the technique consists of (1) pre- 
paring a clean indium surface by breaking the end from a small sample 
of indium supported on a glass rod, (2) pressing the surface of a test 
specimen against the indium tip with a known force, and (3) pulling 
the test specimen away from the indium tip, observing the force for 
adhesive failure. The sequence of operations involved in steps (2) and 
( 3 )  must be carried out in such a way as to avoid spurious forces acting 
between the indium probe and the specimen surface. For this reason, 

%rieger, G. L. and Wilson, G. J. , Materials Research and 

5Krieger, G. L. Electrochemical Society Extended Abstracts of 

‘Johnson, K. I. and Keller, D. V. , Jr. , Journal of Vacuum 

Standards, 5, pp. 341-348 (1965) 

- Electronics Div., 14, pp. 253 - 2 6 G m  

Science and Technology, e, pp. 115-122 (1967) 
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Figure 1. Fast scan of indium adhesion test pattern 
using clean mica 
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Figure 2. Indium adhesion surface tester 
(overall view) 
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Figure 3. Simplified block diagram of IAST 

the apparatus i s  normally provided with a vibrat ion reducing base sup- 
port .  A more troublesome force tha t  must be minimized is  tha t  of 
impact, which always occurs between the indium t i p  and specimen sur- 
face a t  the in s t an t  of contact. This requires keeping the r a t e  of 
specimen motion less than 1 cm per second. The exact r a t e  i s  not 
c r i t i c a l ,  but excessively slow motion makes the occurrence of acci-  
dental  vibrat ions m x e  l ike ly  and so i s  t o  be avoided. A r a t e  between 
1 cm per second and 0.5 c m  per second has been found sa t i s fac tory  w i t h  
the apparatus now i n  use. When the t e s t  i s  performed with suf f ic ien t  
care ,  i t  yields  a u value of about 1 on clean surfaces. The tes t ing  
of a reference material  such as f reshly cleaved mica i s  recommended 
f o r  confirmation of proper behavior of the equipment. 

repeated use of an indium t i p  when a given specimen is  tested.  On 
clean surfaces,  t h i s  makes no noticeable difference because the t i p  i s  
not soi led by the t e s t .  However, contaminant from even a s l i g h t l y  
soi led surface accutrmlates on the t i p  a s  i t  i s  reused so tha t  suc- 
cessive tests made with i t  w i l l  show lower u values. A sequence of 
f ive  tests with one t i p  seems to  be enough t o  ind ica te  c l ea r ly  any 
contamination f o r  which the t e s t  i s  prac t ica l ly  useful.  

equipment which automatically ca r r i e s  out 5 u measurements i n  sequence. 
The t e s t  has proven useful on specimens of grea t ly  varying surface 
f in i shes  and detects  both hydrophobic and hydrophylic contaminants. 
Figure 4 shows typical  t e s t  patterns t h a t  a r e  observed. The r e s u l t s  
of p rac t ica l  application of the indium adhesion t e s t  w i l l  be given 
i n  the next paper by S. L. Smith. 

The s e n s i t i v i t y  of the t e s t  i s  enhanced by taking advantage of 

Results a r e  recorded on a s t r i p  char t  incorporated with the t e s t  
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9 .  THE INDIUM ADHESION TEST APPLICATIONS 

S. L .  SMITH 
Manufacturing R e  search Division 

Sandia Corporation 
Albuquerque, New Mexico 

ABSTRACT 

This paper presents a brief review of the application of the 
Indium Adhesion Surface Tester developed by G.  L .  Krieger.lY2 
mater ia ls  used i n  the manufacture of e l e c t r i c a l  and mechanical devices 
can be tes ted  for  contamination, before and/or subsequent t o  cleaning 
t o  measure the improvement or level with t h i s  device. Also, there are  
indicat ions tha t  m nolayer thickness measurements a re  within the scope 

Most 

of the instrument . 3 

Introduction 

During the past  decade there has probably been more emphasis 
placed on contamination control than any other s ingle  aspect of weapon 
component manufacture. The primary reason fo r  t h i s  may be t h a t  j u s t  
t en  years ago, systems s t a r t ed  to  become so  sophisticated and dependent 
on cleanliness tha t  we could no longer ignore contamination. 

Following the sophistication of systems came new clean rooms, new 
cleaning equipment, laminar flow f a c i l i t i e s  and a multitude of processes 
too lengthy t o  mention. One of the grea tes t  problems has been the 
measurement of contamination with any degree of accuracy and speed. 
This would provide us with data t o  i n i t i a t e  refinement and control of a 
process before i t  becomes a rea l  problem. 

App 1 i c  a t  i on 

The Indium Adhesion Surface Tester i s  a s  close as  we have come t o  
having a good production l i n e  audit of contamination with rapid feedback. 

IKrieger, G.  L . ,  and Wilson, G .  J., An Indium Adhesion Test of 
Surface Cleanliness, SCTM-276-63 (14), Sanaia Laboratory, Albuquerque. 

2Krieger, G. L . ,  Improvements i n  U s e  of the Indium Adhesion T e s t  
f o r  Surface Cleanliness, SCTM 64-1/22 , Sandia Laboratory, Albuquerque. 

3Cuthrell,  R. E. , The Quantitative Detection of Molecular Layers 
with the Indium Adhesion Tester, SCDR-66-300 , Sandia Laboratory, 
Albuquerque. 
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Two f a c i l i t i e s  a r e  us ing  the  IAST on ceramic p i e c e  p a r t s .  The p a r t s  a r e  
f i r s t  c leaned  then t e s t e d  f o r  indium adhes ion  b e f o r e  t h e  s u r f a c e  i s  
m e t a l i z e d .  I n  t h i s  c a s e ,  a c o e f f i c i e n t  of adhes ion  of approximate ly  
0.9 i s  d e s i r a b l e .  

A t  Sandia ,  one o r g a n i z a t i o n  uses  t h e  IAST t o  t e s t  s u b s t r a t e s  
b e f o r e  t h e  d e p o s i t i o n  of t h i n  f i l m  c i r c u i t s .  Actual  r e a d i n g s  f o r  p o l -  
i s h e d  s i l i c o n  a r e  between 0.8 and 0.9,  f o r  ceramic 1.1 t o  1 . 2 ,  and f o r  
g l a s s  1.1 t o  1.3.  

Another a p p l i c a t i o n  t h a t  was q u i t e  s i g n i f i c a n t  was t h e  use  of  t h e  
IAST t o  suppor t  d a t a  i n  t h e  e v a l u a t i o n  of s e v e r a l  u l t r a s o n i c  c l e a n i n g  
u n i t s .  The r e s u l t s  were v e r y  good and a c o r r e l a t i o n  e x i s t e d  wi th  t h e  
fo l lowing  tes t  methods. 

0 Aluminum F o i l  Eros ion  T e s t  
0 B a l l  Bounce T e s t  
0 Mikasonic T e s t  
0 Metal Mark Removal T e s t  
0 Goniometer (Water drop c o n t a c t  a n g l e )  

Nickel and Kovar coupons w e r e  used 
f o r  t h i s  and t h e  IAST method. 

The a p p l i c a t i o n s  of t h e  IAST u n i t  a r e  a lmost  a s  l i m i t l e s s  a s  t h e  
p i ece  p a r t s  used i n  manufac tur ing ,  which r e q u i r e ,  o r  should r e q u i r e ,  
c l e a n i n g .  A few examples where t h e  IAST could  be p u t  t o  good use  a r e  
a s  fo l lows .  

0 

0 

0 

0 

0 

P a r t s  of a lmost  any geomet r i ca l  c o n f i g u r a t i o n  can be t e s t e d .  
However, w i th  the  p r e s e n t  des ign ,  s i z e  i s  l i m i t e d  and I D ' S  and spaces  
t o o  smal l  f o r  the  indium t i p  cannot  be checked. 

For every  a p p l i c a t i o n ,  t h e  m a t e r i a l  and s u r f a c e  c o n d i t i o n s  must 
be t aken  i n t o  c o n s i d e r a t i o n  because of  t h e  v a r i a t i o n  i n  r e a d i n g s  from 
one t o  a n o t h e r .  For s p e c i f i c  u s e s ,  t h e  c o e f f i c i e n t  v a l u e s  should  be 
e s t a b l i s h e d  f o r  t h a t  s e t  of c o n d i t i o n s  and t h e  in t ended  subsequent  a p p l i -  
c a t i o n  of t h e  i t e m .  

PC Boards b e f o r e  f low o r  hand s o l d e r i n g  t o  d e t e c t  
contaminat ion  t h a t  might p reven t  w e t t i n g .  

Components be fo re  placement i n  vacuum environments  
t o  minimize e v o l u t i o n  of unwanted g a s s e s  due t o  con- 
taminants .  

Switch and r e l a y  c o n t a c t s  t o  minimize l a t e n t  problems 
due t o  contaminat ion .  

Evalua t ion  of any type c l e a n i n g  p rocess  o r  equipment 
by us ing  sample coupons coa ted  wi th  known contami- 
nan t s  and l e v e l s  and t e s t i n g  a f t e r  c l e a n i n g  f o r  
e f f i c i e n c y  of removal of t h e  f i l m .  

Tes t  f o r  s u r f a c e  c l e a n l i n e s s  on i tems t o  be e l e c t r o -  
p l a t e d .  
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Some approximations fo r  coeff ic ients  f o r  various applications are  
a s  follows. 

I t e m  Sigma 

Semiconductor Surfaces 1 .o 
Substrates f o r  adherent deposit 1 .o 
Internal  surfaces of vacuum devices .67 
Surfaces f o r  c r i t i c a l  adhesive bonding .67 
Internal  surfaces of nonvacuum hermetic 
sealed devices .33 
Noncritical adhesive bonding .33 

I n  a report  by R. E. Cuthrell of Sandia, The Quantitative Detec- 
t i on  of Molecular Layers with the Indium Adhesion Tester, h i s  closing 
comments were, "Th e sens i t iv i ty  of the instrument i s  such tha t  the d i f -  
ference between monolayers of members of a homologous ser ies  of com- 
pounds could be detected. ?he l i nea r  re la t ionship found between the 
coef f ic ien t  of adhesion and the logarithm of the layer thickness indi-  
ca tes  tha t  t h i s  technique should f ind some application i n  the f i e l d  of 
surface chemistry and i n  the study of wet tab i l i ty  and adhesion i n  poly- 
mer ar ts ."  It may be tha t  i n  addition t o  contamination detection, the 
IAST w i l l  f ind i t s  way in to  the research lab  as  w e l l .  
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Quest ion and Answer Pe r iod  

OGLE: You mentioned d e t e c t i n g  smal l  amounts of o i l  from s m a l l  

DAVIS:  By i n f r a r e d  spec tometry ,  which i s  t h e  method used f o r  

VICKERS: M r .  S a p e r s t e i n ,  your s tudy  showing r e t e n t i o n  of t r i-  

b e a r i n g s .  How d i d  you make t h e  measurements? 

most o € T E  organic  contaminat ion .  

ch lo roe thy lene  ( t r i c )  on aluminum s u r f a c e s  s u g g e s t s  t h a t  t h i s  w i l l  be  
t r u e  a l s o  f o r  o t h e r  m e t a l l i c  s u r f a c e s .  Preweld c l e a n i n g  of  s t a i n l e s s  
s teels  and t i t a n i u m  a l l o y s  o f t e n  inc ludes  t r i c  degreas ing .  Since t h e s e  
m a t e r i a l s  a r e  h i g h l y  s u s c e p t i b l e  t o  stress c o r r o s i o n  i n  t h e  presence  of 
c h l o r i d e s ,  what do you f e e l  i s  t h e  e f f e c t  of t r i c  preweld c l e a n i n g  on 
weld q u a l i t y ?  Also what would be t h e  long  t i m e  e f f e c t  of postweld t r i c  
c l e a n i n g  ? 

SAPERSTEIN: It i s  t r u e  t h a t  t r i c  w i l l  be absorbed on o t h e r  mate- 
r i a l s  a s  w e l l  as on aluminum and t h a t  c e r t a i n  m a t e r i a l s  w i l l  be damaged 
by i t s  presence o t h e r  t han  j u s t  s u f f e r i n g  weld damage. C e r t a i n l y ,  c o r -  
r o s i o n  and s t r e s s  c o r r o s i o n  c rack ing ,  which i s  s u r f a c e  n u c l e a t e d  w i l l  
be i n f l u e n c e d  by contaminants  t h a t  a r e  p r e s e n t  on t h e  s u r f a c e .  However, 
IIT h a s  n o t  undertaken a s tudy  t o  determine t h e  e f f e c t s  on c e r t a i n  mate- 
r i a l s .  It appears  t h a t  such a s tudy  would be worthwhile .  

ELLENBURG: Does a c i t r i c  a c i d  chemical  c l e a n i n g  s o l u t i o n  produce 
t h e  same problems a s  t h e  h o t  a l k a l i  s o l u t i o n ?  

SAPERSTEIN: W e  do n o t  know. W e  have n o t  worked wi th  t h a t  s o l u -  
t i o n .  

YEICH: What l u b r i c a n t s  were used t o  machine? I f  none, how was - machining accomplished wi th  s p a l l i n g ?  

avo id  t h e  use  o f  l u b r i c a n t s .  
l i f e  and good s u r f a c e  f i n i s h ,  you have t o  use  l u b r i c a n t s .  I cannot  
say  a t  t h i s  moment what damage would be produced by l u b r i c a n t s ,  b u t  
c e r t a i n l y  t h e r e  would be s i g n i f i c a n t  damage a b s o r p t i o n  of t h e  l u b r i c a n t s  
Most of t h e  weld p r e p a r a t i o n  on t h e  SATURN i s  done d r y .  

SAPERSTEIN: W e  used dry  machining. I n  our  work, we wanted t o  
I n  p roduc t ion ,  where you want long  t o o l  

BROWN: Did you use any mechanical methods, such a s  s h o t  c l e a n -  

SAPERSTEIN: W e  d i d  no t  employ s h o t  c l e a n i n g  s i n c e  we  machined 

i n g ,  t o a n  a f t e r  machining? 

d ry .  There was no need t o  remove an  o r g a n i c  r e s i d u e  t h a t  was produced 
by machining. 

t r i c h l o r o e t h y l e n e  o r  f r e o n  t o  t h e  aluminum s u r f a c e ?  

a t  t h e  moment. W e  would welcome sponsor sh ip  f o r  a s tudy  t o  come up wi th  
an  answer.  

ELLENBURG: Is any o t h e r  o rgan ic  s o l v e n t  l e s s  d e t r i m e n t a l  t han  

SAPERSTEIN: Th i s  i s  a good q u e s t i o n  f o r  which w e  have no answer 

PEIPELMAN: Mrs. El lenburg ,  what i s  t h e  accuracy  of de te rmining  

ELLENBURG: You would l o s e  30-50% of t h e  r e s i d u e ,  t h e  same a s  f o r  

NVR i n  PCA f reon  by us ing  t h e  b o i l  down and weight  method? 

any o t h e r  organic  s o l v e n t  by v i r t u e  of t h e  p a r t i a l  p r e s s u r e s .  
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GAYLE: Does the use of the contact angle for  te f lon  assume tha t  

ELLENBURG: Teflon was selected on the bas i s  of surface energy 

t h i s  a s i s  equivalent t o  that fo r  a typical  contaminant? 

considerations. A contaminated hydrocarbon surface of closely packed 
CH molecules w i l l  have an energy of about 36 dyne/cm. 
e i t h e r  te f lon ,  which has 18 dyne/cm, or  polyethylene, which has about 
24 dyne/cm, i t  means tha t  a material t ha t  was spread on e i the r  of these 
two w i l l  have an angle low enough t o  be used on hydrocarbon contamination. 

I f  w e  s e l ec t  

GAYLE: In using t h i s  angle method fo r  evaluating cleaning solu- 
t ions ,  did you take i n t o  account the sometimes marked dependance of 8 
on small temperature changes? 

and below 80”F, there were marked changes. 

batch o t  solvent trom the f ina l  r i n se  assumes tha t  the r e s u l t s  of t h i s  
t es t  indicate the par t  i s  clean or  contaminated. Is t h i s  your assump- 
t ion?  I f  so ,  what methods are used t o  t e s t  the surfaces t o  prove they 
w e r e  clean. In  our experience with water clean s t a t ions ,  a t e s t  on the 
f i n a l  r inse  has only been an indication t h a t  a standard method has been 
followed, but separate t e s t s  on surface qual i ty  a re  recommended. 

and, on t h i s  bas i s ,  there i s  the assumption tha t  the par t s  a r e  clean. 
There i s  some visual  inspection. For example, one se r i e s  of par t s  re- 
quired lOOX and a v isua l  inspection by microscope. We do not know of 
anyone e l s e  who i s  using a direct  surface method. 
of i n t e r e s t ,  such as valves and regulators ,  have in te rna l  surfaces tha t  
a r e  hard t o  inspect other than by ind i rec t  means. 

t o  r e m a e  i n i t i a l  slugs of trapped or  generated contaminant. 
do you avoid t h i s  with the in- l ine microscope? 

of the solvent,  pass it through the microscope, and then take a back- 
ground count. Then the measured sample i s  run through the microscope 
and the count i s  taken. If the background count i s  ins igni f icant  and 
has been so time a f t e r  time, th i s  procedure possibly could be eliminated. 

ELLENBURG: In  the solutions t h a t  w e  used, there were some changes, 

SMITH, V .  I.: M r .  McDonald, your proposed t e s t  procedure on each 

MCDONALD: Most of our t e s t  methods a re  on an ind i rec t  nature,  

Also, some components 

GAYLE: Most, i f  not a l l ,  batch sampling devices require purging 
How 

MCDONALD: Before making the par t icu la te  count, we take a measure 

MORRISON: Are residues of indium l e f t  on the tes ted  material? 

KRIEGER: Y e s ,  i n  those cases where the tes ted  material  i s  su f f i -  
c i en t ly  clean and good adhesion occurs. 
order of 1 0  micrograms. Sometimes it  i s  possible t o  use an area of the 
pa r t  on which such a residue i s  not objectionable. I f  t h i s  i s  impossi- 
b l e ,  then the t e s t  must be considered destruct ive.  

have n x e c t  on the sens i t i v i ty  of the t e s t ?  

A l o t  of the fundamental theory was gathered from the 
r e a d i n m e  references given i n  the presentation. The cross section 
area does not have an e f f e c t  because i t  adjusts  i t s e l f  i n  proportion t o  
the force tha t  i s  used. This becomes Young’s modulus, 1 kilogram per 
square kilometer. 
were used, but w e  presupposed a constant force.  

W e  have found residues on the 

GAYLE: Does the cross section area and the planari ty  of the t i p  

KRIEGER: 

An e f f e c t  would be encountered only i f  varying forces 
The p lanar i ty  between 
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t h e  s u r f a c e s  would have an  e f f e c t  i f  t h e  t e s t  s u r f a c e  approached t h e  
probe a t  a s u f f i c i e n t  angle  t h a t  a s h e a r  f o r c e  would be in t roduced .  
The s p e c i f i c a t i o n s  f o r  t h e  t e s t ,  which w e r e  n o t  p r e s e n t e d ,  i nc lude  a 
s t a t emen t  t h a t  the  s u r f a c e  must be pe rpend icu la r  t o  t h e  probe *5". 

corrosTon cracking  i n  c e r t a i n  m e t a l s .  
logous approaches wi th  d i f f e r e n t  probe m a t e r i a l s  cou ld  you sugges t ?  

er t ies  s u f f i c i e n t l y  approach those  of indium t o  be  u s e f u l  i n  t h i s  t e s t .  
The unusual  s o f t n e s s  of  t h e  meta l  and i t s  c h a r a c t e r i s t i c  of forming a 
t h i n ,  s e l f - p r o t e c t i v e  oxide which i s  r u p t u r e d  wi th  t h e  f o r c e s  used i n  
t h i s  t e s t  i s ,  t o  our knowledge, an unique p r o p e r t y .  

w i l l  depend upon s u b s t r a t e  m a t e r i a l s .  Bond s t r e n g t h  w i l l  depend upon 
t h i s  r e a c t i o n  independent of s u r f a c e  c l e a n l i n e s s  per s e .  
how can t h e  c o e f f i c i e n t  of adhes ion  be cons ide red  a s  a m e a s u r e  of 
c l e a n 1  i n e  s s a long?  

KRIEGER: W e  a r e  working i n  a r e g i o n  of adhes ive  phenomena where 
those  r e a c t i o n s  between t h e  indium probe and t h e  s u b s t r a t e  depend upon 
t h e  c h a r a c t e r i s t i c s  of  t h e  s u b s t r a t e  m a t e r i a l s .  These r e a c t i o n s  occur  
i n  t h e  range  of contaminant l e v e l s  f o r  which t h e  t e s t  i s  s e n s i t i v e .  
Clean m a t e r i a l s  a r e  i n  a range somewhere below t h e  monomolecular l a y e r  
of  contaminat ion  l e v e l .  They would fo l low t h e  r e sponses  t h a t  a r e  sug- 
g e s t e d  h e r e ;  they then  would r e q u i r e ,  i n  some c a s e s ,  a c t i v a t i o n  e n e r g i e s  
which may o r  may n o t  be p r e s e n t ,  depending upon t h e  requi rements  of  t h i s  
p a r t i c u l a r  r e a c t i o n .  I n  any e v e n t ,  we cannot  g e t  an  appa ren t  c o e f f i c i e n t  
of adhes ion  of g r e a t e r  than  u n i t y  i f  t he  t es t  i s  p r o p e r l y  performed.  I n  
o t h e r  words,  the  f o r c e  r e q u i r e d  t o  b reak  the bond w i l l  n o t  be any g r e a t e r  
t han  t h e  f o r c e  r e q u i r e d  t o  form i t  s i n c e  w e  p l a s t i c a l l y  deform t h e  i n -  
dium i n  both  d i r e c t i o n s  i n  t h e  same way. Once i t  s t a r t s  t o  b r e a k ,  i t  
w i l l  neck down a t  t h e  j u n c t i o n  o r  near  t o  i t ,  and t h e  f o r c e  r e q u i r e d  t o  
b reak  i t  cannot  g e t  any g r e a t e r  than  the  f o r c e  used t o  d i s t o r t  t he  i n -  
dium a t  t h e  time it  was formed. 

SAPERSTEIN: Elements such a s  indium and g a l l i u m  promote s t r e s s  
Consequent ly ,  what o t h e r  ana-  

KRIEGER: We do n o t  know of any o t h e r  probe m a t e r i a l  whose prop-  

SAPERSTEIN: The s u r f a c e  r e a c t i o n  between indium and s u b s t r a t e  

The re fo re ,  

PEIPELMAN: Does t h e  indium t e s t  l e a v e  enough indium t o  degrade 
t h e  c l e a n l i n e s s ?  

SMITH S .  L . :  A s  M r .  Kr ieger  s a i d ,  t h e  indium r e s i d u e  i s  about  1 0  
micrograms. It it degrades t h e  c l e a n l i n e s s  one i s  look ing  f o r ,  t hen  t h e  
answer t o  your ques t ion  i s  "yes .  1 1  

YEICH: What type of i n s t r u m e n t a t i o n  was used t o  check p a r t i c l e  
count  ?- 

KENAGY: A microscope.  

YEICH: What i s  a i r  v e l o c i t y  a c r o s s  medlar s c a l e  i n  h o r i z o n t a l  
bench?-s t h i s  a i r  f low a f f e c t  t h e  s c a l e ?  

KENAGY: The v e l o c i t y  i s  about  50 f e e t  pe r  minute ,  which i s  about  
o n e - h a l f t h e  c l e a n  room down d r a f t  v e l o c i t y .  
t h e  s c a l e .  W e  a re  working wi th  p l a s t i c s  and a r e  no t  d e a l i n g  i n  micro-  
grams. It i s  s u f f i c i e n t  f o r  u s  t o  have 1/10 gram, and ou r  s c a l e  i s  no t  
o f f  t h a t  much. By moving i t  i n t o  t h e  c r o s s  f low,  we d i d  n o t i c e  a d i f -  
fereOce from having i t  i n  t h e  downstream f low.  

The f low does a f f e c t  
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PEIPELMAN: Is indium compatible with various fue ls  and oxidizers? 

SMITH S. L. :  I f  the assumption i s  made tha t  a surface i s  nearly 
per fec t ly  clean, such as freshly cleaved mica or flamed platinum, a 
deposit of approximately ten micrograms of indium may be made. I n  t h i s  
case,  the amount i s  so small that  i t  would be d i f f i c u l t  t o  detect  i t s  
presence except by flaming the surface and observing the discoloration. 
The amount of heat  l ibera ted  as a r e s u l t  of oxidation of ten micrograms 
of indium could probably not be detected. I f  another assumption i s  
made tha t  the surface i s  l e s s  than perfect ly  clean, such as the case 
would be during most t e s t s ,  the amount deposited would of course be 
much l e s s  than ten micrograms. 
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CONTAMINATION I N  AIR AND GASES 

INTRODUCTION 

by 
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Atomic Energy Commission 

Washington, D. C. 

The present session enter ta ins  one of the more in te res t ing  subjects,  
a t  l e a s t  t o  me, of the whole symposium. It i s  an area where everyone 
knows a l i t t l e  and nobody knows enough. It i s  a l i t t l e  d i f f i c u l t  a t  
t h i s  point t o  visual ize  any technology today requiring a clean environ- 
ment where a i r  or  gas cleaning i n  some form may not be found. Histor- 
i c a l l y ,  a i r  and gas cleaning underwent a f lu r ry  of a c t i v i t y  i n  World War 
11. It seemed t o  lapse in to  re la t ive  inac t iv i ty  a f t e r  t ha t ,  and about 
f ive  t o  ten years ago, i t  got a shot i n  the arm, and then it got fur ther  
st imulation when ;he clean room concept came in to  being. This phase of 
the work a l so  applies t o  the instrumentation and the techniques fo r  meas- 
uring the effectiveness of a i r  and gas cleaning, although much l e s s  
e f f o r t  has been devoted t o  the instrumentation and the techniques , which 
a re  the theme of t h i s  par t icular  session. With the trend throughout the 
past  and current ly ,  anyone with a minimum of fami l ia r i ty  i n  t h i s  area 

w i l l  r ead i ly  recognize tha t  there i s  s t i l l  a crying need fo r  more de- 
velopment and more progress i n  t h i s  area.  This i s  one of the reasons 
we are  looking forward t o  the papers i n  t h i s  session t o  give us another 
s tep  forward i n  trying to  overcome t h i s  void. 
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Propuls ion  and Vehicle  Engineer ing Labora tory  

Marsha l l  Space F l i g h t  Center  
H u n t s v i l l e ,  Alabama 

The f i r s t  c l ean  room f a c i l i t i e s  a t  MSFC w e r e  developed f o r  a tube 
c l ean ing  o p e r a t i o n .  S h o r t l y  a f t e rwards  the  c l e a n  room complex f o r  a 
va lve  c l i n i c  was c o n s t r u c t e d .  I n  a d d i t i o n  t o  c l e a n  t u b i n g ,  i t  w a s  neces-  
s a r v  t o  have a c l ean  environment i n  which t o  assemble c l e a n  v a l v e s .  The 
genkra l  l a y o u t  of t h e  c l e a n  room i n s t a l l a t i o n  i s  shown i n  F i g u r e s  1 -7  

A S ~ E M B L Y  
R O O M  

Figure  1. Valve c l i n i c  f l o o r  p l a n  
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Figure 2.  Large valve (Note covered p r i n t s )  

Figure 3 .  Large valve wi th  crane 
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Figure 4 .  Small and i n t r i c a t e  p a r t s  

Figure 5 .  Overall view of l i g h t s ,  d i f f u s e r s ,  and 
d isposa l  cans 



Figure 6 .  Checking apparatus  

Figure 7 .  Writing bench 
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The basic principle i n  monitoring the environmental a i r  i s  t o  draw 
a known volume of sample through the special  membrane f i l t e r  and t o  col-  
l e c t  the airborne contamination on i t s  surface.  The par t icu la te  col-  
lected i s  then sized and counted under a microscope. The or ig ina l  Sam 
ple should not have too many pa r t i c l e s ,  but there must be a suf f ic ien t  
number col lected t o  have them dis t r ibuted uniformly over the whole f i l -  
t e r  i n  order t o  val idate  a s t a t i s t i c a l  count. 

The f i l t e r  membrane was a German development during World War 11. 
It was perfected fo r  gas mask f i l t e r s  when the use of aerosols was de- 
veloped for  carrying chemical and biological warfare agents. These 
cel lulose f i l t e r s  have unique charac te r i s t ics  , one of them being t h e i r  
s imi la r i ty  t o  a screen sieve because of thei; uniform pore s ize .  
i n  e f f e c t ,  gives them a property of being a Go-No Go" counter. A l l  
p a r t i c l e s  below a spec i f ic  s ize  pass through the f i l t e r ,  and a l l  those 
above tha t  s ize  are retained on the f i l t e r  surface,  where it  may be 
inspected visual ly .  

they a re  opaque and because shadows a id  i n  the v isua l  examination o f  
the pa r t i c l e s .  The f i l t e r s  a r e  gridded and a re  printed cr iss-cross  
with squares equal t o  one/one hundredth of the ac tua l  f i l t e r i n g  sur- 
face. The microscope used gives 40 magnifications, which i s  a f i e l d  
within one gr id  square. The f i l t e r  i s  placed s o  tha t  the gr ids  a re  
square with the stage micrometer. A t  f i r s t ,  the whole f i l t e r  i s  
scanned by manipulating the stage micrometer to  (1) count the f ibe r s  
and large pa r t i c l e s ,  ( 2 )  check the f i l t e r  to  make ce r t a in  i t  i s  not 
torn o r  cracked, ( 3 )  make cer ta in  the f ibe r s  a re  uniformly d is t r ibu ted ,  
and ( 4 )  ascertain whether i t  i s  prac t ica l  t o  count pa r t i c l e s  s t a t i s t i -  
ca l ly .  

Monitoring was a patience-trying, time-consuming, and, sometimes, 
exasperating operation (see Figure 8 ) .  When the automatic pa r t i c l e  
counters appeared, i t  was considered a breakthrough (see Figure 9 ) .  
However, under f i e l d  conditions, i t  was almost impossible t o  get the 
microscopist 's  counts t o  agree with the data of the automatic instruments. 
A s  Ph i l l i p  Austin's publications became b e t t e r  known, as  Stoke's law was 
applied to  the aerosol par t icu la te ,  and as  the data on many thousands 
of counts were accumulated, the pa r t i c l e  s ize  d is t r ibu t ion  curves were 
developed, accepted, and then published i n  A i r  Force Technical Order 
00-25-203 and Federal Standard 209. 

This, 

Oblique incident l i g h t  i s  used t o  examine the f i l t e r s  because 

Many have pondered the reasons behind establ ishing the l imi t s  
quoted by the specifications a t  the f ive  micron ( 5 ~ )  and the five-tenths 
micron ( 0 . 5 , ~ )  par t ic le  s izes .  Since the f ive  micron s ize  i s  the smallest 
p rac t ica l  s i z e  that can be counted microscopically (magnification i s  the 
control l ing fac tor ) ,  i t  was a good l imit ing point.  The half-micron 
( 0 . 5 ~ )  l imitat ion was probably established so tha t  the specif icat ion 
would not become obsolete immediately. The HEPA f i l t e r s ,  when f i r s t  de- 
veloped, f i l t e r e d  out pa r t i c l e s  down t o  tha t  s ize .  Now they can f i l t e r  
down t o  the 0.3 micron s ize .  An additional reason may have been tha t  
the s t r a igh t  l ine produced on log-log paper s t a r t ed  t o  break i n  tha t  
v i c in i ty .  Also, there are  too few pa r t i c l e s  i n  the f ive  micron s ize  
range i n  a controlled environment fo r  an automatic pa r t i c l e  device t o  
count properly. 

'Ihe most popular automatic aerosol pa r t i c l e  counter uses the 90" 
l i g h t  scat ter ing pr inciple .  The sample, drawn v e r t i c a l l y  through the 
sampling tube, passes through an intense horizontal  l i g h t  beam. A 



Figure 8. Monitor i n  c lean  l abora to ry  

a Figure 9 .  Standard p a r t i c l e  counter  
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p h o t o m u l t i p l i e r  tube p l aced  a t  90" t o  both observes  t h e  l i g h t  s c a t t e r e d  
toward i t .  The in s t rumen t  samples approximately 200 m l  pe r  minute .  
Because of t h e  disagreements  w i th  t h e  m i c r o s c o p i s t ' s  c o u n t s ,  i t  was 
wondered whether a r e p r e s e n t a t i v e  sample was b e i n g  counted .  This  posed 
a problem t h a t  can be expressed  t h u s l y :  

P a r t i c l e s  i n  Sample - Area of Sampling Tube Vol. of Sample Vol. of Sample Scanned 
X V o l .  of Sample - X P a r t i c l e  i n  Room Area of Room Vel. of Room 

It might seem t h a t a l a r g e r  sample would overcome t h e  d i f f i c u l t i e s .  

it modif ied t h e  au tomat ic  i n s t rumen t  a s  fo l lows :  
A r e s e a r c h  c o n t r a c t  f o r  improvements was i n i t i a t e d  wi th  IIT, and 

1. The f l o w  r a t e  was i n c r e a s e d .  

2 .  The a i r  shea th  p r i n c i p l e  was i n t r o d u c e d .  

3. 

The obse rva t ion  of t h e  l i g h t  s c a t t e r i n g  p r i n c i p l e  might be l i k e n e d  
t o  t h e  s e e i n g  c o n f e t t i  t o s s e d  i n t o  t h e  l i g h t  beam of t h e  p r o j e c t o r .  
Assume t h a t  p a r t i c l e s  s c a t t e r  l i g h t  q u a n t i t a t i v e l y  i n  d i r e c t  p r o p o r t i o n  
t o  t h e i r  s i z e .  The p h o t o m u l t i p l i e r  t u b e ,  l o c a t e d  a t  90" t o  t h e  sampling 
tube and t h e  l i g h t  sou rce ,  w i l l  r e c e i v e  t h e  s i g n a l s  from t h e  l i g h t  
s c a t t e r e d  by the p a r t i c l e s  and then  w i l l  s i z e  a s  w e l l  a s  count  them. 
There i s  a c e r t a i n  amount of c u r r e n t  o s c i l l a t i o n  g r e a t e r  t han  the  c a r -  
r i e r  wave, and s t a t i c  i s  in t roduced  from ex t r aneous  sou rces .  This  back-  
ground s t a t i c ,  commonly r e f e r r e d  t o  a s  "no i se , "  i n c r e a s e s  i n  d i r e c t  
p r o p o r t i o n  t o  t h e  i n c r e a s e  i n  the  v o l t a g e .  To count  t h e  sma l l e r  p a r -  
t i c l e s ,  i t  was necessa ry  t o  i n c r e a s e  t h e  v o l t a g e .  This  made i t  i n -  
c r e a s i n g l y  d i f f i c u l t  f o r  t h e  ins t rument  t o  d i f f e r e n t i a t e  t he  s i g n a l  
from t h e  background ' ' no i se , "  and t h e  r e s u l t  was e r r o n e o u s l y  h igh  p a r -  
t i c l e  coun t s .  It  was found t h a t  t h e  in s t rumen t  cou ld  n o t  count  p a r t i -  
c l e s  s m a l l e r  than 0.75 micron because of t h i s  s i g n a l / n o i s e  f a c t o r .  

The viewing volume was modi f ied .  

D i f f i c u l t i e s  i n  maintenance were encountered .  The in s t rumen t  was 
l e f t  on overn ight  when it  was endeavored t o  g e t  a count  around t h e  c l o c k .  
The motors overheated and t h e  p l a s t i c  t ub ing  mel ted  and c o l l a p s e d .  The 
mel ted  tub ing  f i n a l l y  s topped  t h e  flow of a i r  and t h e  pump motor burned 
o u t .  The p l a s t i c  tub ing  has  been r ep laced  by a s t a i n l e s s  s t e e l  t y p e ,  
b u t  t h i s  change made o t h e r  ad jus tmen t s  n e c e s s a r y .  

These s t u d i e s  demonstrated s e v e r a l  v a l u a b l e  c h a r a c t e r i s t i c s  of t h e  
It was a good i n d i c a t o r  of t h e  contaminat ion  p r e s e n t  i n  the  c o u n t e r .  

a i r .  The d a t a  showed t h e  fo l lowing :  

1. The count i n c r e a s e d  a s  t h e  number of people  p r e s e n t  i n  t h e  
room inc reased .  

2 .  The rooms had  remarkable  r ecove ry  c h a r a c t e r i s t i c s .  

3 .  

4 .  Some of t h e  o v e r a l l s  were wearing o u t  and shedding excess  l i n t .  

The count w a s  t h e  h i g h e s t  when t h e  j a n i t o r s  were c l e a n i n g .  

The p a r t i c l e  counter  had proven u s e f u l ,  b u t  s t i l l  more improvement 
was needed. So ano the r  c o n t r a c t  was g iven  to I I T .  Three s e p a r a t e  sam- 
p l i n g  u n i t s  were b u i l t  f o r  l o c a t i o n  i n  each of t h e  t h r e e  rooms i n  t h e  
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valve  c l i n i c  (see Figure 10). A l l  the data  a re  now s e n t  t o  a c e n t r a l  
da t a  recording instrument located i n  a gray room (see Figures 11-13). 

c a t e  t h a t  more improvements a r e  requi red ,  e s p e c i a l l y  the following: 

1. A lower sampling he ight ,  p referab ly  a t  t a b l e  he igh t .  

2 .  A simpler lamp adjustment procedure. 

3. 

The instruments have been i n  operat ion s u f f i c i e n t l y  long t o  i n d i -  

A lower s igna l /no i se  r a t i o  t o  allow counting i n  the 0.5-micron 
s i z e  range. 

4 .  Pr in ted  c i r c u i t  boards t h a t  do not r equ i r e  a s  much a t t e n t i o n  

5 .  Remove the sources of extraneous s igna l s  t h a t  reduce conf i -  

a s  the  present  ones. 

dence i n  the da ta .  

6 .  A simpler way of da ta  presenta t ion .  

7 .  A f a i l - s a f e  alarm that  would ind ica t e  when an a rea  i s  approach- 
ing excessive contamination. 

MSFC s t i l l  considers  automatic p a r t i c l e  counters  of c lean  room a i r  
a s  being i n  a research  and development s t a t u s ,  one t h a t  requi res  improve- 
ments t o  g ive  r ap id ,  r e l i a b l e ,  and reproducible  r e s u l t s  t o  meet the 
requirements imposed by the  spec i f i ca t ions .  

Figure 1 0 .  
P a r t i c l e  counter  a i r  
sampler 
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Figure 11. 
Data cen te r  

Figure 1 2 .  
Sampler o p t i c s  
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2 .  AUTOMATIC AND REMOTE MONITORING SYSTEMS 
FOR AIRBORNE PARTICLES 

A.  LIEBERMAN 
I I T  Research I n s t i t u t e  

Chicago, I l l i n o i s  

The problems of moni tor ing  a i r b o r n e  p a r t i c l e s  i nvo lve  a number of 
s t e p s .  F i r s t ,  a sample must be taken  from t h e  atmosphere where t h e  
p a r t i c l e s  a r e  p r e s e n t .  The sample must be t r a n s p o r t e d  t o  an  a n a l y t i c a l  
device  where the  p a r t i c l e s  i n  t h e  a i r  a r e  ana lyzed  f o r  s i z e  d i s t r i b u t i o n  
and c o n c e n t r a t i o n .  Next, t h e  d a t a  from t h e  a n a l y s i s  a r e  reduced and 
i n t e r p r e t e d .  F i n a l l y ,  a d e c i s i o n  i s  made r e g a r d i n g  t h e  c o n c e n t r a t i o n  
and s i z e  d i s t r i b u t i o n  f u n c t i o n  of t h e  a i r b o r n e  p a r t i c l e s .  

A number of problems e x i s t  i n  c a r r y i n g  o u t  t h e s e  s t e p s .  F i r s t ,  
a r e  r e p r e s e n t a t i v e  samples ob ta ined  from t h e  atmosphere? F igu re  1 shows 
e r r o r s  which can a r i s e  from a n i s o k i n e t i c  sampling.  Next,  how w e l l  does 
t h e  sampling handl ing  system o p e r a t e ,  t h a t  i s ,  a r e  m a t e r i a l s  l o s t  o r  
d i s t o r t e d  i n  t r a n s i t  between t h e  ambient environment and t h e  a n a l y t i c a l  
system. F igure  2 shows duc t  l o s s e s  i n  t u r b u l e n t  f low.  Next,  how w e l l  
does t h e  a n a l y t i c a l  system o p e r a t e ;  i s  it s t a b l e ,  i s  i t  a c c u r a t e ,  does 
i t  r e c o r d  t h e  c o r r e c t  s i z e  parameter  f o r  t h e  problem of concern? Next,  
how a c c e p t a b l e  a r e  the  d a t a ;  do they  have meaning i n  d i s c u s s i n g  the  
s i z e  d i s t r i b u t i o n ,  a r e  t h e r e  s u f f i c i e n t  d a t a  f o r  s t a t i s t i c a l  r e l i a b i l -  
i t y ,  have co inc idence  e f f e c t s  been taken  i n t o  c o n s i d e r a t i o n ?  F i n a l l y ,  
how a r e  t h e  da t a  s t o r e d ,  r eco rded ,  o r  a c t e d  upon? 

A number of methods permi t  sampling,  a n a l y z i n g ,  and r e c o r d i n g  p a r -  
t i c les  i n  a i r b o r n e  systems.  Methods of r eco rd ing  p a r t i c l e  measurements 
a r e  based on s p e c i f i c  p r o p e r t i e s  of t h e  p a r t i c l e s ,  such a s  e l e c t r i c a l  
charge , mass, l i g h t  s c a t t e r i n g ,  o r  r a d i a t i o n  a b s o r p t i o n .  The re fo re ,  
r a t h e r  t han  d e t a i l  i n s t rumen t s  and measurement methods which a r e  n o t  
a p p l i c a b l e  t o  t h e  problem of moni tor ing  contaminat ion  f o r  modern day 
assembly technology,  t h i s  d i s c u s s i o n  w i l l  be  r e s t r i c t e d  t o  t h e  method 
used f o r  convent iona l  a n a l y s i s  of c l e a n  rooms and contaminat ion  l e v e l s  
i n  s e n s i t i v e  a r e a s .  

The primary i n s t r u m e n t a l  method of observ ing  p a r t i c u l a t e  contamina- 
t i o n  i n  t h e s e  a r e a s  i s  t h a t  employing l i g h t  s c a t t e r i n g .  I n  l i g h t  s c a t -  
t e r i n g  d e v i c e s ,  p a r t i c l e s  a r e  drawn i n t o  an  i l l u m i n a t e d  viewing a r e a .  
A s  t hey  pass  through,  each p a r t i c l e  produces a s i n g l e  p u l s e  whose l i g h t  
f l u x  i s  a d i r e c t  f u n c t i o n  of t h e  p r o j e c t e d  a r e a  of t h e  p a r t i c l e s .  
p u l s e s  a r e  produced a t  a f a i r l y  r a p i d  r a t e .  
t r i c a l  summing, r e c o r d i n g ,  and t h e  u s u a l  d a t a  p rocess ing  a s s o c i a t e d  
wi th  p u l s e  g e n e r a t i n g  systems.  

p a r t i c l e  count ing  systems. Three d i v i s i o n s  of  o p e r a t i o n s  are concerned. 

Thus, 
They a r e  capab le  of  e l e c -  

General  des ign  c r i t e r i a  a r e  e s s e n t i a l l y  t h e  same f o r  most s i n g l e  
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The f i r s t  i s  an aerosol control system which samples and transports a 
representative portion of the sample t o  a sensing zone. Figure 3 shows 
an aerosol control system used t o  reduce wall losses  and vaporizing 
e f f ec t s .  The second i s  an opt ica l  section which provides a l i g h t  
source t o  illuminate the pa r t i c l e s  and a detector t o  convert the l i g h t  
impulses t o  e l ec t r i ca l  impulses. Figure 4 shows an opt ica l  system fo r  
r i g h t  angle scat ter ing measurements. The t h i r d  i s  an e l e c t r i c a l  control 
system t o  c lass i fy  the generated e l e c t r i c a l  impulses i n  terms of par- 
t i c l e  s ize  and number and permit transformation of the raw data in to  
usable information. Figure 5 shows a simplified block diagram of a work- 
ing pulse height analyzer. 

The aerosol control section performs the following functions. It 
samples the aerosol, transports the pa r t i c l e s  t o  the sensing zone, 
eliminates losses ,  and avoids s ize  discrimination i n  handling the par- 
t i c l e s .  The opt ical  section i l luminates a portion of the aerosol stream 
and co l l ec t s  the l i g h t  scat tered by the pa r t i c l e s  i n  t h i s  region. The 
opt ica l  section must produce a uniformly illuminated and defined volume 
of space i n  which no more than one pa r t i c l e  i s  present an acceptably 
small portion of the t o t a l  time. The opt ica l  system must transmit the 
scat tered l i g h t  pulses t o  the detector with good f i d e l i t y .  The opt ica l  
system should also contain se l f -ca l ibra t ion  capab i l i t i e s ;  t ha t  i s ,  a 
capabi l i ty  f o r  simulation of aerosols with a known signal .  
t r i c a l  system must contain controls for  operation and ac t iva t ion  of the 
opt ics  and a i r  handling mechanical systems. It must reproduce the l i g h t  
pulses f a i th fu l ly  a s  e l e c t r i c a l  s ignals .  The e l e c t r i c a l  system must 
provide data that  are  capable of being handled, transmitted,  and con- 
t ro l l ab le .  Figure 6 shows a uni t  used a t  I I T  fo r  r epe t i t i on  measurements 
t o  study cloud decay. 

and are  capable of automatic and remote operation. The f i r s t  was de- 
veloped on contract fo r  Marshall Space Fl ight  Center. The system, a t  
t h i s  time, consists of three l i g h t  sca t te r ing  a i r  handling systems 
whose outputs are multiplexed in to  a s ingle  data center .  The operating 
specif icat ions of t h i s  system are  as follows. Par t iculate  matter i s  to  
be monitored i n  a i r  simultaneously i n  three separate locations.  The 
analysis of par t iculate  concentrations and s i ze  d is t r ibu t ions  i s  t o  be 
available outside the clean room for  immediate use. Par t ic les  i n  d i s -  
c re te  ranges from 0.5D t o  greater than 1OOD have t o  be monitored. In  
addition, high volumetric sample flow-rate capabi l i ty  i s  desired.  Vari- 
able sampling periods are  t o  be b u i l t  i n .  Simultaneous counting and 
categorizing into s izes  of a l l  pa r t i c l e s  are  required. A minimum num- 
ber of e l e c t r i c a l  noise spurious counts i s  permitted. The capabi l i ty  
of reaching a s t a t i s t i c a l l y  s ign i f icant  number of counts i n  a l l  s ize  
ranges i s  necessary and maximum mobility and l i a b i l i t y  are  desired.  

Figure 7 i s  a drawing which shows the transducer head; Figure 8 ,  
a photograph of the head i n  place on the a i r  handling opt ica l  u n i t ;  and 
Figure 9 ,  the single pump flow control system t h a t  i s  used. The con- 
cent r ic  tube provides an a i r  sheath for  the aerosol pa r t i c l e s  t o  prevent 
the l o s s  of par t ic les  in to  the clean sample chamber and t o  eliminate 
rec i rcu la t ion  of par t icu la te  material .  The a i r  sample r a t e  was 0.75 
cfm with an a i r  sheath flow r a t e  of 2.25 cfm. Table 1 shows the char- 
a c t e r i s t i c s  of the a i r  handling system. 

By using a variable viewing volume controlled viewing zone pr inci-  
p le ,  it i s  possible t o  vary the actual  gas volume analyzed from .0076 cu 
ft /min t o  0.42 cu ft/min. Table 2 shows the counting r a t e  which would 
b e  seen i n  a C las s  100,000 or a Class 10,000 clean room. In  a Class 100 

The elec-  

IIT has recently developed two systems which use l i g h t  sca t te r ing  
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Figure 3 .  
Aerosol control section 

Figure 4 .  
Schematic of opt ical  
sys  tem 

1. Light source 
2. Condenser 
3. Aperture 
4. Prolection lens 
5. Attenuator 
6. Aerosol viewing cell 
7 .  Reflector 
5.  Light trap 
9. B i t  aperture 
10. 
11. Rotating shutter 
12. Fiber optic 

Photomul t 1 pl ier 
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Figure 8 .  Head i n  place on a i r  handl ing 
o p t i c a l  u n i t  
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1 1  
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Figure 9 .  A i r  handl ing schematic 



e T a b l e  1 

A I R  HANDLING PARAMETERS 

I D  
A r e a  
Flow r a t e  
AVg. l i n e a r  v e l .  of a i r  
Max. l i n e a r  v e l .  o f  a i r  

I D  
A r e a  (less sample t u b e  

Flow rate 
Avg. l i n e a r  vel. 

a r e a )  - 
l x l x l  

2 X 2 X 1  

4 X 4 X 1  

8 X 8 X l  

0 .625 i n . 2  
0.307 i n .  
0 .75 c € m  
5.9 fps 

11.8 fps 

Count R a t e s  

C l a s s  100,000 Clean Room 
~ O O , O O O  p a r t i c l e s / f t 3  > 

700 p a r t i c l e s / € t 3  > 

~ O , O O O  p a r t i c l e s / f t 3  , 
6 5  p a r t i c l e s / f t 3  > 

C l a s s  10 ,000  C lean  Room 

1.25 i n .  

0.913 i n . 2  
2.25 cfm 
5.9 f p s  

cfm 
0.0076 

0.0302 

0.1175 

0.424 

0.5 
5.0 ,I 

0.5 ,L 

5.0 ,L 

Metric U n i t s  
15.8 mm 

198. mm2 
0.021 m3/min. 
1.8 m / s e c  
3.6 m / s e c  

31.8 mm 

590. my2 , 

0.064 m /min. 
1.8 m / s e c  

lLmdsxA 

1.0 

4.0 
15.7 

56.6 

Tab le  2 
COUNTING RATES IN CLASS 1QQ,QQO AND 

10,000 CLEAN ROOM 

w s  1 00 -000 

l x l x l  

2 X 2 X 1  

4 X 4 X 1  

8 x 8 ~ 1  - 
l x l x l  

2 X 2 X 1  

4 X 4 X 1  
8 X 8 X 1  

T i m e s  

l x l x l  

2 X 2 X 1  
4 X 4 X 1  
8 X 8 X 1  

LuA 5.0 ,A 

765 5 

8 2  

296 

C o u n t s / m i n  

A 5 2 4  a 
7 1  0.46 

2 
8 

27 

. Time. dsec 

M A  AYrL 
N o  s i g n i f i c a n t  

v a r i a t i o n  280 

285 280 282 

296 280 289 
37 5 280 320 
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clean room, approximately 40 counts/min would be received for  pa r t i c l e s  
half  micron and larger  when the 8 x 8 x 1 mm s l i t  s ize  i n  used. 
an approach t o  s t a t i s t i c a l l y  s ign i f icant  count r a t e s  can be achieved. 
Figure 10  shows coincidence e r ro r s  t ha t  can be expected for  several  
viewing volumes, assuming concentrations as  shown. 

The electronic  system consis ts  of a pulse height analyzer (Figure 
11) which measures the s ize  of the pulses produced a s  each pa r t i c l e  
passes through the viewing zone. The photomultiplier output current 
enters  the summing point of a current-to-voltage converter, which con- 
s i s t s  of an operational amplif ier ,  f i r s t  s tage.  This input stage i s  
followed by three ident ica l  operational amplifier s tages ,  each with a 
voltage gain of -16. The output of the l a s t  voltage amplifier contains 
a nonlinear feedback network which supplies current t o  the input of the 
f i r s t  stage.  This feedback permits extremely h i  h s t a b i l i t y  and low 
d r i f t .  
analyzers which sample and measure the pulse amplitudes. This config- 
urat ion p e r m i t s  the use of several  comparators operating a t  d i f fe ren t  
threshold voltage levels  from the same reference,  each of which pro- 

Thus, 

The outputs of the pulse amplifiers a re  5 i rec ted  t o  threshold 

duces an output 

1.0 

0.1 

pulse fo r  one and only one pa r t i c l e  s i ze .  

PROBABILITY OF MULTIPLE COUNTS 

1 1 l I i u I  1 I I I 1 1 1 1 1  
1 GO 1000 11 

.001 
10 

CONCENTRATTON - PARTICLE/CKi3 

,000 

Figure 10. Coincidence e r ro r s  for  several  
viewing volumes 
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The data system shown i n  Figure 1 2  accepts pa r t i c l e  count data 
from the three remote samplers, transmits the count data by w i r e  t o  the 
data center,  en te rs  it i n t o  a memory un i t ,  and makes periodic pr intout  
of the accumulated pa r t i c l e  t o t a l s .  The data or iginate  i n  the pulse 
height analyzer a t  each sampler i n  the form of pulses of standard ampli- 
tude on output l i nes  corresponding t o  the 11 avai lable  s ize  categories.  
A manually operated switch se lec ts  s ix  adjacent l i nes  for  t ransfer  t o  a 
diode encoder which t rans la tes  the input pulse on one of the s i x  l i nes  
t o  a combination of simultaneous pulses on three output l i nes  according 
t o  a s t r a igh t  binary code. These pulses are  sent  t o  the data center.  
The pulses a t  the data center are then entered i n t o  a memory un i t  by a 
d i g i t a l  logic  un i t .  Associated with the logic  uni t  i s  a clock program- 
m e r  which controls the automatic printout of accumulated data .  A t  p r e -  
selected in te rva ls ,  accumulation of data i s  temporarily ha l ted  and the 
contents of the memory uni t  are read out and printed on paper tape to-  
gether with time of day. Once the pr intout  i s  completed, the data ten- 
t e r  re turns  t o  data accumulation process. 

'Ihe memory uni t  has 100 channels of core storage,  each channel 
capable of s tor ing any number from 0 to  99,999. The memory un i t  oper- 
a t e s  l i k e  a stepping switch; the count i n  a par t icu lar  storage channel 
i s  increased each t i m e  a count of given s ize  a r r ives  a t  the data center 
from the sampler, each count representing 1 pa r t i c l e .  The memory has 
18 channels assigned t o  three samplers, (s ix  t o  each sampler), and each 
sampler t a l l i e s  the number of events occurring i n  each category (the 
pa r t i c l e  s ize  range). 

The clock programmer continually monitors the channel number of the 
data t h a t  are  being sent from the memory t o  the p r in t e r .  When a preset  
t i m e  in te rva l  has been attained, a pulse i s  transmitted tha t  takes e f f ec t  
only when the system i s  not scanning. I f  the system i s  i n  the middle of 
a scan when the pulse i s  received, the scan i s  completed before the time 
input pulse takes e f f e c t .  This input pulse inh ib i t s  the en t ry  of fur-  
ther  data i n t o  the system, s t o p s  fur ther  scans, and i n i t i a t e s  a readout 
command t o  the memory uni t  and i t s  associated p r in t e r .  This command 
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Figure 1 2 .  
Data center  

causes the  memory t o  s t e p  through i t s  channels and p r e s e n t s t o t h e  p r i n t -  
ou t  u n i t  the data t h a t  i s  s to red .  

The u n i t  was c a l i b r a t e d  with four  separa te  m a t e r i a l s .  These a re  
(1) a i r  c leaner  t es t  dust  i n  a s i z e  range of 1 / 2  t o  15py  ( 2 )  r e s i n  

microballoons i n  a s i z e  range of 5 t o  1 0 0 ~ ~  (3 )  saccharin i n  a s i z e  
range of 0.5 t o  15p, and ( 4 )  g l a s s  beads i n  a s i z e  range of 5 t o  8 0 ~ .  
Figures 13  and 14 show typ ica l  c a l i b r a t i o n  data  f o r  the  samplers i n  
which the recorded data  i s  compared with microscopic measurement of 
p a r t i c l e  s i z e  d i s t r i b u t i o n .  After the  p a r t i c l e  counters  were de l ivered  
t o  NASA, they were operated i n  the atmosphere a t  the  valve c l i n i c .  Table 
3 shows the  data  obtained.  The p a r t i c l e  counter samples were obtained,  
a f t e r  the sampler was c a l i b r a t e d  f o r  l a rge  p a r t i c l e s ,  by counting i n  the 
s i z e  range of 4 t o  128u while membrane f i l t e r  samplers a t  the same time 
were monitoring the p a r t i c l e s  i n  the  a i r .  The membrane f i l t e r  samples 
ind ica t e  f luc tua t ions  i n  t o t a l  number of p a r t i c l e s  above 5 p  whereas the 
p a r t i c l e  counters ind ica ted  only mild v a r i a t i o n s  i n  the  count.  Varia- 
t i o n s  i n  the  data and a l imi t ed  number of t e s t s  prevent v a l i d  conclu- 
s ions .  However, the  two methods do show a tendency toward agreement i n  
p a r t i c l e  concentrat ions.  

During the  t i m e  t h a t  t h i s  work was being completed, an add i t iona l  
remote and automatic monitoring system was being developed on con t r ac t  
f o r  the  Army Dugway Proving Grounds. The objec t ive  of t h i s  program was 
development of a p a r t i c l e  counter t o  sample i s o k i n e t i c a l l y  and remotely 
f o r  p a r t i c l e s  i n  the  s i z e  range of l / W  t o  5 0 0 p  p l u s .  This sampling sys-  
t e m  must be capable of remote and automatical ly  con t ro l l ed  operat ion 
and must produce data  t h a t  can be used t o  show r e a l  time p a r t i c l e  s i z e  
d i s t r i b u t i o n  and concentrat ion a t  1 or  more poin ts  i n  a t e s t  g r i d .  
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Table 3 

PARTICLE CONCENTFUTION I N  AIR 
OUTSIDE THE NASA VALVE CLINIC 

T e s t  Time 
Series Sampler of D a v  

1 A 9:40 
9:45 
9: 50 
11:20 
11: 30 
11:40 
14 : 00 
14 : 40 

Sampling 
Per iod,  
min. 

10 
2 
10 
8 
7 
20 
10 
10 

Par t ic le  C o u n t / f t  3 

C o u n t e r a  F i l t e r  % P a r t i c l e  M e m b r a  e 

460 
867 

530  42 
300 169 
202 

222 
380 60 
290 30 

2 A 

B 

C 

30 

30 

30  

480 350 
330 660 

760 350 
640 660 

350 
660 

aSize range of particle counter  w a s  4 t o  32 ,J f o r  T e s t  
Series 1, and 4 t o  128 .LL fo r  T e s t  Series 2. 

bSize range of membrane f i l t e r  was 5 to>100 h. 
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A transducer system employing single pa r t i c l e  counting by l i g h t  
sca t te r ing  was used. 
one for  par t ic les  16p t o  5 0 0 ~  plus,  a re  used t o  detect  aerosols .  
matically controlled i sokine t ic  sampling i s  used for  Sensor A, e .g. ,  
0 . 5 ~ t o 3 2 p  par t ic les .  
control i n l e t  pumping speed and i n l e t  or ientat ion for  the sampling sys- 
t e m .  The sampling system fo r  Sensor A samples horizontal ly  and.with 
var iable  i n l e t  speed. The system i s  shown i n  Figure 15 .  Mass flowmeters 

Two sensors, one fo r  pa r t i c l e s  1/2p t o  3211, and 
Auto- 

Wind speed and wind d i rec t ion  sensors a re  used t o  

# 
UNIT 2 

It 
UNIT I 

UNIT *4 
SlulPcER SAMPLER REMOTE 

CONTROL 

SMALL -E LARGE PlPRTlCLE 

. 

FIELD 
RECORDER 

Figure 15. Aerosol sampling system 

are  used to  insure constant exhaust fo r  the system and var iable  input i n  
accordance with wind speed measured by a ro ta t ing  cup anemometer, as  
shown i n  Figure 16.  The wind direct ion sensor i s  used t o  posi t ion a 
servo motor which or ien ts  the intake in to  the wind a t  a l l  times. Sig- 
na ls  from the wind speed sensor a re  stored and are  used t o  indicate  in-  
l e t  sample quantity. 
they are  transferred t o  d i g i t a l  data for  subsequent transmission t o  the 
data center .  

Par t ic le  s izes  a re  recorded i n  8 channels where 

The second f i e l d  transducing system Sensor B i s  used t o  observe 
pa r t i c l e s  of 16p t o  5 0 0 p  plus.  
gas veloci ty  and does not change or ientat ion with wind ve loc i ty ,  and 
the pa r t i c l e s  to be sampled a re  su f f i c i en t ly  large t o  be considered 
capable of semibal l is t ic  t ra jec tory .  
u n i t ,  a s  i n  the A un i t ,  t ransfers  the data i n  terms of p a r t i c l e  s i ze  
d is t r ibu t ion  to  e ight  channels of binary coded d i g i t a l  data for  t rans-  
mission t o  the data center.  Sensor B i s  shown i n  Figure 17; 

This system samples a t  a constant i n l e t  

The pulse height analyzer i n  t h i s  

21 0 



39 

1 -  

5 -  

4. 

3 
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Figure 1 3 .  Part ic le  counter ca l ibra t ion  
w i t h  ac t e s t  dust 
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Figure 14.  Par t ic le  counter ca l ibra t ion  with 
microballoons 
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Figure 1 6 .  
Sampler A ,  Unit 1 

Figure 1 7 .  Sampler B ,  Unit  2 
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Since these two units  are t o  be exposed t o  aerosols i n  t h e  f i e l d  
under conditions which make i t  impossible fo r  personnel t o  make adjust-  
ments during the course of a t e s t ,  i t  i s  necessar t o  use a remote con- 
t r o l  un i t  t o  operate the f i e l d  sensors (Figure 18y. This uni t  performs 
two functions. 'Ihe f i r s t  i s  to  send, one a t  a t i m e ,  any of a number of 
d i scre te  messages as  commands t o  s t a r t  or vary any of the functions of 
the samplers, such a s  pump speed, photomultiplier dynode voltage, and 
ca l ibra t ion  posit ion,  and t o  indicate the s t a tus  of several  devices a t  
the sampler. 

mission l inks .  Since rapid response t o  commands i s  not necessary and 
maximum r e l i a b i l i t y  and simplicity are  necessary, a tone control system 
i s  used. Groups of tone generators a re  a l l  connected i n t o  one pa i r  of 
telephone l i nes  by individual switches. A t  the sampler s t a t ions ,  reso- 
nant reed switches are  arranged i n  pa ra l l e l  across the l i n e  and are  
tuned t o  frequencies tha t  correspond t o  those a t  the remote control 
un i t .  The resonant reed switch, when closed by a tone generation, ac- 
tua tes  a re lay.  By sending more than one tone, it is  possible t o  in-  
crease the number of messages by considering tha t  the presence or absence 
of tones corresponds t o  ones and zeros of a binary number. A t  t h i s  time 
the tone generation system transmits the following commands t o  the re-  
mote sensors: 

The remote control un i t  i s  adaptable t o  e i the r  rad io  or  wire t rans-  

1. 
2. 
3.  
4 .  
5. 
6. 
7. 
8 .  
9.  
10. 
11. 

12. 
13. 
14. 
15. 

Off, on 
S t a r t  recording 
Standby 
Mark Beginning of t e s t  
Operate Sensor A 

Operate Sensor B 
Set Sensor A flow control t o  automatic 
S e t  A or B Sensor flow a t  any of four fixed r a t e s  
Show wind speed 
Show wind azimuth 
Calibrate (the wind speed and wind azimuth meters are  in t e r -  
changeably connected to  the ca l ibra te  pulse r a t e  indicators .  
For ca l ibra t ion  it i s  necessary tha t  the pulses from two adja- 
cent channels be a t  the same r a t e ;  thus the two meters must 
show approximately the same reading). 
Lamp on 
Lamp leve l  control 
Sens i t iv i ty  increase for  both A and B sensors 
Sens i t iv i ty  decrease for  both -4 and B sensors 

Controls 1 3  through 15  a re  fixed range potentiometer motor drive un i t s .  

For operation, i t  has been found necessary t o  show in t eg r i ty  of the 
transmission l i n e .  'Ihus, a responding c i r c u i t  i s  plugged i n  so tha t  
each command s ignal  transmitted produces a continuity check which shows 
a s  "Command Received" on the remote control un i t .  

The next f i e l d  uni t  i s  the f i e l d  e lectronics  s t a t ion  (Figure 19 ) .  
This s t a t ion  receives data on punched paper tape from remote Sensors A 
and B and from the meteorological network. The data received and 
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Figure 18. Remote con t ro l  Unit 4 

I 
4 DIGITAL LOGIC UNIT 2-3 ~-4 

REGISTERS DATA FROM 
"A" ANALYZER 

8 CHANNELS 
19 

CHbNNELS 

I I I  

T R A N ~ I S S I O N  
TO FIELDUNIT 

I 

I FIELD RECORDER UNIT 3 
I 

CONTROL TRACK 
CONTROL 

LOGIC 

* 
CONTROL TRACK 121 

CONTROL TRACK ! O z  

I * 

* 
1 I CALIBRATE 

FEED 
DATA 

SYNC FROM TELETYPE PUNCH 

I 

T O  TELETYPE PUNCH 

Figure 19.  Block diagram of f i e l d  d i g i t a l  l o g i c  Unit 2-3 
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recorded ind ica t e  the  p a r t i c l e  count categorized according t o  p a r t i c l e  
s i z e  i n  each of the e i g h t  s i z e  ca t egor i e s  from each sampler. It a l s o  
rece ives  and records wind speed and d i r e c t i o n  from the  meteorological 
sampler and the volumetric sampling r a t e  from Sampler A. I n  addi t ion  
a t e s t  mark t i m e  i s  ind ica ted .  

P a r t i c l e  count data  a r e  derived from the photomult ipl ier  output 
pulse  he igh t  analyzers  on each u n i t .  Measurement of a p a r t i c l e  r e s u l t s  
i n  a s igna l  t o  one of a se t  of b inary  counters  each with a capac i ty  of 
1 0  b inary  d i g i t s .  ?he system accumulates counts i n  each of the  1 6  s i z e  
ca t egor i e s  f o r  a 1 second period. A t  t he  end of t h i s  t i m e ,  the  t o t a l s  
a r e  en tered  on the p r i n t e r  tape punch and the counters  a re  r e s e t  t o  
zero ;  counting then resumes for  the next  1 second block. ?he tape ,  
t he re fo re ,  contains  a succession of blocks with b inary  numbers containing 
the p a r t i c l e  count da ta ,  wind speed, d i r e c t i o n ,  and volumetric sampling 
r a t e  over 1 second observation per iods.  

With t h i s  p a r t i c u l a r  system, ind iv idua l  t es t s  of durat ion up t o  
approximately one hour a r e  considered. A t  the  end of a t e s t ,  the  r o l l  
of paper tape i s  taken from the f i e l d  e l e c t r o n i c s  and hand c a r r i e d  t o  
the  information center  (see Figure 20 ) .  The information center  then 
reads the  tape and t r a n s f e r s  the recorded data  i n t o  the s torage  u n i t .  
From t i m e  t o  t i m e ,  a s  indicated by s e t t i n g s  on the  programer  u n i t ,  
playback i s  h a l t e d  and accumulated data  i s  p r i n t e d  v i a  a high speed 
p r i n t e r .  The main components of t h i s  information center  a r e  the play- 
back u n i t ,  t he  program cont ro l  and decoding u n i t ,  the  accumulated data  
s torage  system, 2nd the  data  p r l ~ t o ~ t  system. The playback u n i t  i s  
a standard t e l e type  paper tape readout system which feeds information 
from the data  blocks i n t o  the  program con t ro l  and decoding u n i t .  

Figure 20. 
F i e l d  recording Unit 3 
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The program c o n t r o l  and decoding u n i t  h a s  t h e  fo l lowing  f u n c t i o n s .  
F i r s t ,  a decoder r ecogn izes  t h e  t i m e  marks which s i g n a l  t h e  beginning  
of i n d i v i d u a l  blocks of d a t a .  A p r e s e t  program s e l e c t o r  pe rmi t s  r e a d -  
o u t  t o  be l i m i t e d  i n  t e r m s  of e i t h e r  t i m e  o r  f low.  The programmer 
r e a d s  o u t  d a t a  i n  m u l t i p l e s  of  1 second b locks  and t r a n s f e r s  t h e  d a t a  
t o  t h e  a p p r o p r i a t e  channel  and d a t a  s t o r a g e  system, i n  t e r m s  of p a r t i -  
c l e  s i z e ,  wind speed o r  t ime.  

The d a t a  s to rage  u n i t  i s  a 100 channel  coun te r  wi th  a d d i t i o n a l  
p r o v i s i o n s  f o r  r e a d i n  and r eadou t  and d i s p l a y .  Th i s  u n i t  r e c e i v e s  p a i r s  
of numbers from t h e  playback u n i t  and decoder ,  s t o r e s ,  accumula tes ,  and 
t r a n s f e r s  d a t a  i n  accordance wi th  preprogrammed i n s t r u c t i o n s  t o  t h e  p r i n t -  
o u t  u n i t .  The p r i n t o u t  u n i t  i s  a h igh  speed Munro p r i n t e r  w i th  a capa-  
c i t y  of  1 7  l i n e s  p e r  second. Upon command from t h e  programmer o u t p u t ,  
accumulat ion i s  h a l t e d  a t  t h e  end of a s p e c i f i e d  b lock  of i n fo rma t ion  
and p r i n t o u t  beg ins .  The p r i n t e r  s u c c e s s i v e l y  i n t e r r o g a t e s  each chan- 
n e l  of t h e  d a t a  s t o r a g e  u n i t  and p r i n t s  o u t  two numbers, t h e  channel  
number and t h e  t o t a l  count  accumulated i n  t h a t  channe l .  Readout i s  
d e s t r u c t i v e  so  t h a t  t h e  d a t a  s t o r a g e  i s  c l e a r e d  f o r  t h e  nex t  se t  of  d a t a  
b locks  and readout  of t h e  recorded  d a t a  can c o n t i n u e .  

The complete u n i t  o p e r a t i o n  i s  shown i n  b lock  diagram i n  F igure  21 .  
This  u n i t  was designed f o r  t e s t i n g  of a e r o s o l  g e n e r a t i o n  and t r ansmis -  
s i o n  systems f o r  a s p e c i f i c  purpose.  I t s  a p p l i c a b i l i t y  i n  terms of 
c a p a b i l i t y  f o r  remote o p e r a t i o n  and au tomat i c  c o n t r o l  would make i t  
i d e a l  f o r  c o l l e c t i o n  and s t o r a g e  of d a t a  i n  remote a r e a s  o r  i n  a r e a s  
where personnel  c o s t s  are g r e a t e r  t han  equipment c o s t s .  Obviously t h e  
c o n s t r u c t i o n  and development c o s t s  of t h i s  p ro to type  u n i t  a r e  h i g h ,  
probably  beyond t h e  c a p a b i l i t y  of a s i n g l e  i n d u s t r i a l  l a b o r a t o r y  o r  
m u n i c i p a l i t y .  However, t h e  lower r e p l i c a t i o n  c o s t s  should  make i t  of 
i n t e r e s t  t o  such groups .  The g r e a t  c a p a c i t y  f o r  d a t a  hand l ing  and 
m u l t i p l e  p o i n t  sampling should  make i t  i d e a l  f o r  computer -or ien ted ,  
remote ope ra t ing  systems.  
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3 .  MONITORING PARTICLES BELOW 0.3 MICRON PARTICLE S I Z E  U S I N G  THE 
CONDENSATION NUCLEI COUNTER, AND THE APPLICATION OF THIS I N -  
STRUMENT TO HIGH EFFICIENCY FILTER LEAK TESTING 

G .  E .  HFLMKE 
Be l l  Telephone L a b o r a t o r i e s ,  I n c o r p o r a t e d  

Murray H i l l ,  New J e r s e y  

Abs t r ac t  
P a r t i c l e s  of t h e  0.001 micron t o  0.1 micron r a d i u s  s i z e  range a r e  

c a l l e d  condensat ion n u c l e i  because of  t h e  technique  used i n  t h e i r  d e t e c -  
t i o n .  I n  t h i s  technique t h e  submicroscopic  p a r t i c l e s  t o  be d e t e c t e d  
se rve  a s  n u c l e a t i o n  s i tes  on which water  d r o p l e t s  form and grow t o  a 
s i z e  r e a d i l y  d e t e c t e d  by l i g h t  s c a t t e r i n g  methods. A condensa t ion  
n u c l e i  coun te r  may be used t o  d e t e c t  and l o c a t e  l e a k s  i n  HEPA (High 
E f f i c i e n c y  P a r t i c u l a t e  Ai r )  f i l t e r s  and i n  g a s k e t s  used i n  connec t ion  
wi th  t h e i r  i n s t a l l a t i o n  i n  laminar  flow c l e a n  rooms and c l e a n  work s t a -  
t i o n s .  This  l e a k  d e t e c t i o n  method t a k e s  advantage of t h e  f a c t  t h a t  con- 
densa t ion  n u c l e i ,  which a r e  p r e s e n t  i n  g r e a t  numbers i n  o r d i n a r y  room 
a i r ,  a r e  l a r g e l y  r e t a i n e d  by a HEPA f i l t e r .  By scanning t h e  downstream 
s i d e  of  t h e  HEPA f i l t e r  w i th  a con t inuous ly  o p e r a t i n g  condensa t ion  
n u c l e i  c o u n t e r ,  t h e  s e c t i o n s  of t h e  f i l t e r ,  i t s  suppor t  frame, and gas -  
k e t s ,  which f a i l  t o  remove n u c l e i  can be r e a d i l y  d e l i n e a t e d .  Used i n  
t h i s  way, t h e  condensat ion n u c l e i  counter  s e r v e s  a s  a r e l i a b l e  and ac -  
c u r a t e  t o o l  f o r  t e s t i n g  f o r  l e a k s  i n  HEPA f i l t e r  i n s t a l l a t i o n s .  
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4 .  A METHOD FOR DETECTING LOW CONCENTRATIONS 
OF AIRBORNE GASEOUS CONTAMINANTS 

R.  A .  YEICH 
Western E l e c t r i c  Company 

Reading, Pennsylvania 

Abstract  
The General E l e c t r i c  Condensation Nuclei Counter, with s u i t a b l e  

cor e r t e r s ,  may be used t o  monitor concentrat ions of s u l f u r  dioxide an1 
c e r t a i n  hydrocarbons. This paper i nd ica t e s  problems encountered and 
i t e m s  of value discovered i n  using t h i s  equipment. 

The Reading Plan t  of the  Western Elec t r ic  Company has  been manufac- 
t u r i n g  s o l i d  s t a t e  devices since 1953. I n  1957 WE i n s t a l l e d  i t s  f i r s t  
c lean  room (See Figure 1). A t  the  present  time, there  a r e  f a c i l i t i e s  
of a l l  c l a s ses  a s  l i s t e d  i n  Federal Standard No. 209, from c lean  rooms 
and c lean  benches t o  cont ro l led  ambient systems. Instrumentat ion used 
t o  monitor and de tec t  p a r t i c l e s  includes a Royco Photometer, Royco 
P a r t i c l e  Counters (both 200 and 220 Models), Dynac Model 101  P a r t i c l e  
Counters and the  General E l e c t r i c  Condensation Nuclei Counter. One 
method of de tec t ing  and monitoring low concentrat ions of a i rborne gas- 
eous contaminants i s  with the  nuc le i  counter and conver te rs .  

1 

Figure 1. Clean room a t  Reading Plan t  a t  Western E l e c t r i c  
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The condensation nuc le i  counter i s  no t  a c t u a l l y  a counter ,  bu t  a 
photometer which measures the  forward s c a t t e r e d  l i g h t  i n  a da rk - f i e ld  
o p t i c a l  system (see Figure 2 ) .  This instrument i s  unique because i t  
enables monitoring of p a r t i c l e s  i n  the  submicroscopic range of 0.001 
micron t o  0 .1  micron. By use of a pump and s u i t a b l e  va lv ing ,  t he  gas 
sample t o  be examined i s  passed i n t o  a s a t u r a t i n g  chamber, where the  
r e l a t i v e  humidity i s  r a i s e d  t o  100%. The sample i s  then passed i n t o  a 
drywall  expansion chamber containing the  da rk - f i e ld  op t i c s .  Af te r  the  
i n l e t  va lve  c loses ,  a valve opens i n t o  a chamber which has a negat ive 
pressure  of 8 inches of mercury t o  allow a d i a b a t i c  expansion of t he  
sample. 
humidity t o  r i s e  from 100% t o  above 400%. 
on p a r t i c l e s  present i n  the  sample i n  about one mil l isecond.  
micron d rop le t  of water w i l l  grow t o  5 microns i n  about 26 mi l l i seconds ,  
a s i z e  s u i t a b l e  f o r  o p t i c a l  de tec t ion .  I f  condensation i s  i n i t i a t e d  
on a l l  p a r t i c l e s  i n  t h e  sample a t  the  same time, the  r ap id  growth w i l l  
negate any d i f fe rence  i n  p a r t i c l e  s i z e ,  and the  l i g h t  s c a t t e r e d  w i l l  be 
propor t iona l  t o  the  number of p a r t i c l e s  i n  the  sample. 

This expansion i s  extremely r ap id  and causes t h e  r e l a t i v e  
Condensation i s  i n i t i a t e d  

A 0 .001 

-+ - 

AIR 
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EXPANSION CHAMBER / i x r  

H I -/ 1 
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I 

ROTARY 
VALVE 1' 
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DRIVE 

1 V O L i M t  5 CPS 
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, STRIP R€CORO€R 
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Figure 2 .  Condensation n u c l e i  de t ec to r  

The i n t e n s i t y  of the s c a t t e r e d  l i g h t  i s  read by a photomult ipl ier  
tube and, with s u i t a b l e  c i r c u i t r y ,  displayed on a meter (see Figure 3 ) .  
The m e t e r  i s  divided i n t o  l i n e a r  s t eps  of 200, 1 ,000 ,  3,000, 10,000 and 
100,000 nuc le i  per cc and exponent ia l  s t eps  of 1,000,000 and 10,000,000 
n u c l e i  per cc.  The sequence of operat ion i s  completed 5 times per sec- 
ond, thereby permitt ing a response time of only two seconds from intake 
t o  readout of a sample. 



I 
I -  
I 
I 
I 

Figure 3 .  
Meter d isp lay  of i n t e n s i t y  
of s c a t t e r e d  l i g h t  

Under operat ing condi t ions,  the valving accuracy i s  r a t e d  a t  +20% 
above 0.3 f u l l  s ca l e  on l i n e a r  ranges.  Connections a re  provided on the  
back of the  n u c l e i  counter t o  a t t a c h  l eads  t o  a s t r i p  cha r t  recorder .  
D i f f i c u l t y  has  been experienced i n  using the nuc le i  counter a s  a moni- 
t o r  when i t  i s  coupled with t h e  conver te rs ,  because of the  extreme sen- 
s i t i v i t y  of the  t e s t s .  

One of the gas converters i s  the s u l f u r  dioxide converter  (see 
Figure 4 ) .  
lamp, constant  vol tage transformer,  off-on switch,  Gelman f i l t e r ,  and 

This extremely simple i t e m  i s  composed of an u l t r a v i o l e t  

Figure 4 .  
Sulfur  dioxide converter 
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a r e a c t i o n  f l a s k  which conta ins  the u l t r a v i o l e t  lamp--al l  housed i n  a 
small  metal cabinet .  

The gas  sample through tygon tubing,  i s  drawn through the s u l f u r  
dioxide converter and i n t o  the  condensation n u c l e i  counter .  The sample 
gas f i r s t  passes through the Gelman f i l t e r ,  which i s  s i zed  t o  remove 
99.7% DOP-0.3 micron and l a r g e r .  In  o ther  words, the  attempt i s  t o  
remove most of the p a r t i c u l a t e  mat ter  which would s c a t t e r  l i g h t  without 
condensation. The sample gas i s  then passed through the u l t r a v i o l e t  
chamber, where f r e e  oxygen produced by a photochemical r e a c t i o n  u n i t e s  
with s u l f u r  dioxide t o  produce s u l f u r  t r i o x i d e .  The sample then passes  
i n t o  the  condensation n u c l e i  counter , where the s u l f u r  t r i o x i d e  u n i t e s  
with the water of the s a t u r a t i n g  chamber t o  form d rop le t s  of s u l f u r i c  
a c i d .  These drople t s  then become the n u c l e i  upon which condensation 
begins i n  the dark- f ie ld  o p t i c a l  chamber. The meter readings of the 
condensation nuc le i  counter a r e  converted by a c h a r t ,  which i s  suppl ied 
with the converter ,  t o  p a r t s  per mi l l i on  s u l f u r  dioxide (see Figure 5 ) .  
The s e n s i t i v i t y  range i s  from 0.004 p a r t s  per m i l l i o n  t o  0.035 p a r t s  
per mi l l i on  (ppm) on the  l i n e a r  s c a l e s  and from 0.035 p a r t s  pe r  mi l l i on  
t o  0.2 p a r t s  per mi l l i on  on the exponent ia l  s c a l e .  

Figure 5. 
Chart conversion of 
meter reading 

I f  an operator  i s  i n  cons tan t  attendance and the  meter on the 
n u c l e i  counter i s  used, we have no problems. 
use the n u c l e i  counter a s  a monitoring instrument ,  we must a t t a c h  a 
s t r i p  c h a r t  recorder (see Figure 6 ) .  The l i n e a r  s c a l e s  from 300 t o  
100,000 a r e  e a s i l y  readable  on the c h a r t .  The exponent ia l  s c a l e s  s t a r t  
a t  approximately 32% of the  l i n e a r  s ca l e  and read  t o  maximum, which 
makes i n t e r p o l a t i o n  on a s t r i p  c h a r t  r a t h e r  d i f f i c u l t .  We a r e ,  there-  
f o r e ,  i n c l i n e d  to  use only the l i n e a r  s c a l e s  (see Figure 7 ) .  The 
100,000 sca l e  a t  f u l l  s c a l e  reading i s  equiva len t  t o  0.035 ppm s u l f u r  
dioxide.  It i s  d isconcer t ing  t o  a r r i v e  a t  t he  monitoring s t a t i o n  l a t e  
i n  the  af ternoon and t o  discover  t h a t ,  from 1 0  a.m. t o  4 p.m., the  in -  
strument has  been of f  s c a l e  and we have no idea  how high the l e v e l  of 
contamination has been (see Figure 8) .  Frequently the  contamination 
l e v e l  r i s e s  and f a l l s  sharp ly .  Pro jec t ion  of the  curve would ind ica t e  
astronomical l e v e l s  and, obviously,  would be completely erroneous.  

However, i f  we wish t o  
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Figure 6 .  
S t r i p  chpr t  recorder  

Figure 7 .  Linear  s ca l e  (100,000 f u l l  s ca l e )  
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Monitoring on the  10  mi l l i on  scale  provides a range from 0.06 t o  0.2 
ppm s u l f u r  dioxide,  and the one mi l l ion  sca l e  provides a range from 0.02 
t o  0.12 ppm s u l f u r  dioxide.  Both of these ranges have the  a t tendant  
d i f f i c u l t y  of i n t e rpo la t ing  the r e s u l t s  of the exponential  reading on 
a l i n e a r  c h a r t .  

Exponential cha r t s  can probably be procured, bu t  t h i s  would cause 
a d d i t i o n a l  expense, and added problems when there  i s  switching t o  a 
lower range because c h a r t s  would then have t o  be changed. These a re  not  
insurmountable d i f f i c u l t i e s ,  but they do bear mentioning. 

The hydrocarbon converter  i s  s imi l a r  t o  the s u l f u r  dioxide conver- 
t e r  i n  i n t e r n a l  cons t ruc t ion  (see Figure 9 ) .  The d i f fe rence  i s  t h a t  
s u l f u r  dioxide gas i s  introduced i n  the gas stream a f t e r  i t  l e a v e s , t h e  
r e a c t i o n  f l a s k  containing the mercury vapor lamp. The amount of s u l f u r  
dioxide i s  minute and d i f f i c u l t  t o  ad jus t .  

t he  l eaks  i n  the system cannot be el iminated,  and s u l f u r  dioxide i s  
r e l eased  t o  the  ambient. This leakage contaminates the  ambient and 
causes extreme discomfort t o  personnel working i n  the a rea .  

The General E l e c t r i c  i n s t ruc t ion  manual does not  i nd ica t e  the 
chemical r eac t ion  which takes  place.  Dr. Douglas Bird of General Elec- 
t r i c  ind ica t e s  t h a t  a poss ib le  o l e f i n  de t ec t ion  mechanism i s  generated 
when compJex hydrocarbon molecules a r e  exposed t o  u l t r a v i o l e t  l i g h t  i n  
t h e  2 5 3 7 A  range (see Figure 1 0 ) .  The molecules may form r a d i c a l s  and, 
i n  the  presence of s u l f u r  dioxide,  recombine t o  form l a r g e r  molecules, 
which could be a l i q u i d  and could a l s o  be more water a t t r a c t i v e  s ince 
they contain s u l f u r  dioxide.  These would permit de tec t ion  by the nuc le i  
counter .  

An add i t iona l  problem encountered i n  the u n i t  t e s t e d  i s  t h a t  a l l  

Figure 9 .  
Hy dr oc a rb  on 

converter  
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R - C H  = CH - CH - CH2- { II t ANY RADICAL Xo+ R-CH=CH-CH-CHz-: -X 

Figure 10 .  Possible chemical react ion 
(Ref. 1. - J. G. Calvert & J.  N.  P i t s  Jr. "Photo Chemistry'' 

pp 200 & 502 t o  505 
2 .  - R .  D. Snow & F.  E .  Frey 

1938) 
I 1  Ind. Eng. Chem." 30, 1 7 6 ,  

It was observed tha t  alcohol vapors inh ib i t  the react ion i n  the 
hydrocarbon converter. N o  explanation was given by General Elec t r ic ,  
but t h i s  factor  may l i m i t  the usefulness of t h i s  instrument and should 
be taken i n t o  account i f  the monitor ceases t o  function i n  an area where 
alcohol i s  i n  use. Most l i g h t e r  f l u i d  vapors w i l l  cause a f u l l  scale 
indication on the high range and can be used t o  check operation of the 
hydrocarbon converter. 

The manual indicates t ha t  the hydrocarbon ca l ibra t ion  i s  based on 
octene (CgH16) vapors. Limited tes t ing  i n  the WE plant  did not indi-  
cate  a change i n  hydrocarbon l eve l  when samples of ambient were taken 
i n  the v i c in i ty  of a vacuum pump which has  v i s i b l e  vapors emanating 
from the exhaust port  while i t  was running. However, we did detect  a 
r i s e  i n  hydrocarbon contamination during the s h i f t  changes, which we 
ten ta t ive ly  a t t r i bu te  t o  automobile t r a f f i c  . 

A l l  of the problems mentioned previously with the su l fur  dioxide 
converter and with monitoring with a s t r i p  char t  recorder,  apply here 
t o  a greater  extent. 
carbon converter i s  i n  the 100,000 t o  10,000,000 condensation muclei 
per cc range; therefore, a l l  readings a re  made within the exponential 
scales .  The range i s  from 2 t o  20 par t s  per mil l ion octene. It must 
be admitted that WE has not investigated the hydrocarbon converter as 
f u l l y  as the sulfur dioxide converter, but i t s  p o t e n t i a l i t i e s  appear t o  
be l imited i n  i t s  usage a t  the Reading Plant.  

The meter range of the nuclei  counter and hydro- 
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a A major problem encountered with the nuclei  counter i s  the lack of 
a simple method of tes t ing  for  accuracy and repea tab i l i ty .  
counter which operates above 0 . 3  micron i s  eas i ly  tes ted  with an aerosol 
solut ion.  
and oscilloscope graphs; however, we  found t h i s  t o  be of l i t t l e  concern 
i n  using t h i s  equipment a t  Reading. We f e e l  the readings obtained are  
r e l a t i v e ,  not s t r i c t l y  quant i ta t ive,  and the extreme sens i t i v i ty  of the 
instrument reduces the problem of accurate ca l ibra t ion  t o  a minimum i n  
the ranges which a re  s ignif icant  t o  our processes. Functioning of the 
gas converters can eas i ly  be checked with a match. I f  a match i s  ig-  
n i ted ,  promptly extinguished and then held a t  the sample intake o r i f i c e  
a f u l l  scale indicat ion on the highest  range w i l l  be noted with e i t h e r  
converter. 

A pa r t i c l e  

The nuclei  counter can only be checked by voltage readings 

The Reading Plant of the Western Elec t r ic  Company manufactures 
semiconductors and high frequency power tubes. The semiconductm work 
encompasses ep i t ax ia l ,  diffusion and th in  f i lm work i n  t rans is tors ,  
diodes, and integrated c i r cu i t s .  A l l  of t h i s  work requires clean con- 
d i t ions  i n  one phase or another. The present technology does not per- 
m i t  the removal of vapors and fumes i n  e i the r  clean benches or clean 
rooms, and knowledge of vapor conditions i s  useful. 

may be indicated i n  the following example. A problem was encountered 
with th in  aluminum s t r i p e s  evaporated onto germanium s l i c e s  (see Figure 
11). Sulfur dioxide i n  the ambient a i r  was suspected. me s l i c e s  i n  
question were stored, a f t e r  deposition of the aluminum s t r i p e ,  i n  dishes 
i n  holding ovens (see Figure 1 2 ) .  The dishes w e r e  ceramic baking dishes 
with removable covers. Pure  nitrogen gas was introduced in to  the dishes 
by a copper tube through holes i n  both the oven and dish. Sulfur dioxide 
was detected i n  the dish under normal operating cbnditions, and readings 
f luctuated with the readings i n  the ambient. Sulfur dioxide was not 
eliminated u n t i l  every opening i n  the oven was sealed,  including the 
j o i n t s  i n  the metal skin and even the opening around the toggle switch. 
The only input was pure nitrogen gas, and the only ou t l e t  was the sample 
tube with "tee," which conducted the gas from the oven t o  the su l fur  
dioxide converter and exhausted the excess gas t o  the ambient, prevent- 
ing back flow in to  the oven. 

nuclei  counter be used outside of clean rooms wherever possible.  The 
cooling a i r  i s  discharged from the side of the equipment without f i l -  
t r a t ion ,  and we have experienced problems when monitoring i n  the same 
room with a standard pa r t i c l e  counter. Counts a re  higher when the 
cooling a i r  discharge from the nuclei  counter a r e  directed over the 
intake tube of the pa r t i c l e  counter. When it i s  used i n  a clean room, 
the counter should be thoroughly cleaned and the instrument positioned 
so t h a t  the a i r  discharge i s  directed away from sens i t ive  processes. 

f u l  f o r  detecting minute quant i t ies  of su l fur  dioxide i n  the ambient 
a i r .  They are  sens i t ive  and re l iab le ,  as can be ve r i f i ed  by 'our two 
years of almost constant monitoring. 
strument i s  l imited because of a lack of ease i n  checking operation 
and the narrow range of contamination measured on the l i n e a r  scales  
and the l imitat ions of readout and sens i t i v i ty  on the exponential scales .  
The s implici ty  of operation f a r  outweighs the f a u l t s  of readout i n  the 
invest igat ive area.  

The value of the nuclei  counter with the sulfur  dioxide converter 

When one considers clean room applications,  w e  recommend tha t  the 

The nuclei  counter and sulfur dioxide converter a r e  extremely use- 

The value a s  a quant i ta t ive in-  
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Figure 1 2 .  Equipment f o r  work with s l i c e s  
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Figure 11. Aluminum s t r i p e s  evaporated onto germanium s l i c e s  
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The hydrocarbon converter i s  d i f f i c u l t  t o  use because of the ex- 
tremely i r r i t a t i n g  nature of the act ivat ing gas and the l imitat ions of 
readout. We have experienced d i f f i c u l t i e s  with leaks i n  the converter, 
which l i m i t  i t s  usefulness to  areas where exhaust hoods are  avai lable .  
'Ihe exhaust from the nuclei  counter i t s e l f  must be vented t o  a sui table  
exhaust system because it contains su l fur  dioxide and i s  quite corroslve. 
W e  f e e l  t ha t  the nuclei  counter and sulfur  dioxide converter a re  valu- 
able additions t o  WE's clean room instrumentation when the l imitat ions 
a re  recognized and they are  used within the areas of t he i r  capabi l i t i es .  

Specifications fo r  the equipment were obtained from the ins t ruc t ion  
manual supplied by General Electr ic .  Assistance by E. L .  Johnson and 
Dr. Douglas Bird of the General Elec t r ic  Company Research and Develop- 
ment Center of Schenectady, New York, and M r .  Roy D. Derr, of the 
Western Elec t r ic  Company, are  gra te fu l ly  acknowledged. 
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Abstract 
This report  describes various techniques used t o  evaluate the 

eff ic iency of HEPA f i l t e r s  on pa r t i c l e s  l e s s  than 0.3 micron i n  s ize .  
A b r ie f  discussion i s  given of a gas sampling procedure used i n  a lam- 
inar  flow clean room. Efficiency f igures  a re  given for  HEPA f i l t e r s  
on Uranine aerosol pa r t i c l e s  l e s s  than 0.3 micron i n  s ize .  

Introduction 

f i l t e r s  for  submicron pa r t i c l e s  i s  of more than academic i n t e r e s t .  
People using these f i l t e r s ,  whether fo r  laminar flow clean rooms, clean 
benches, mine safety,  or reactor safety,  have much information on t h e i r  
eff ic iency f o r  par t ic les  la rger  than 0.3 micron i n  s ize .  Light- 
sca t te r ing  instruments designed for  monitoring and tes t ing  these f i l -  
t e r s  have a lower l i m i t  of 0.3 micron; thus, f i l t e r  manufacturers 
specify the efficiency of the f i l t e r s  i n  terms of pa r t i c l e s  greater  
than 0.3 micron i n  s ize .  

The col lect ion eff ic iency of High Efficiency Part iculate  , A i r  (HEPA) 

Viruses, i n  the 0.003 t o  0.06 micron range, and harmful vapors are 
examples of undesirable consti tuents of some a i r  which can pass through 
the f i l t e r s .  

Brief ly ,  the problems involved with tes t ing  the eff ic iency HEPA 

1. To generate large quant i t ies  of  very small pa r t i c l e s .  
2 .  To determine the s ize  and number of these pa r t i c l e s .  
3 .  To detect the small amount of penetrating mass. 

f i l t e r s  i n  removing these small pa r t i c l e s  a re :  

**7k 

This work was supported by the United S ta tes  Atomic Energy Commission. 
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Various techniquess used t o  evaluate the eff ic iency of the f i l t e r s  a re  
described i n  t h i s  paper. A l l  t e s t ing  techniques used i sokine t ic  Sam- 
pling, and the a i r  veloci ty  downstream of the f i l t e r  was between 95 
and 100 feet: per minute. 

DOP Challenge 
The technique of using a hot  or cold dioctyl  phtholate (.DOP) smoke 

generator t o  t e s t  HEPA f i l t e r s  i s  well known. 
used i s  a DOP smoke generator, DOP l iqu id ,  blower, plenum, a short  tun- 
ne l ,  clamps, and some l ight-scat ter ing instrument capable of giving a 
reading on pa r t i c l e s  0.3 micron i n  s ize .  

f i l t e r  or  f i l t e r  bank t o  be tested.  The downstream s i d e  of the f i l t e r  
o r  f i l t e r  bank i s  scanned completely with the probe of the pa r t i c l e  
sensor. The tes t  i s  usually 'go-no-go." A reading above some pre- 
scribed l eve l  r e s u l t s  i n  e i ther  repa i r  or  replacement of the tes ted  
f i l t e r .  

IIhe equipment generally 

A concentration of smoke i s  introduced on the upstream s ide  of the 

This method i s  prcrbably the most universally used and does perform 
i t s  intended function of tes t ing the f i l t e r s  fo r  leaks on pa r t i c l e s  0.3 
micron i n  s ize .  Copious quant i t ies  a re  fogged out of the generator and 
i n  many instances, although l i t t l e  i s  known of the exact s ize  d i s t r i -  
bution, the output i s  ca l led  0.3 micron i n  s ize .  Actually, an appre- 
c iable  percentage of the massive t o t a l  quantity of pa r t i c l e s  i s  near 
enough t o  t h i s  s ize  t o  give a leak s ignal .  

Since the pa r t i c l e s  generated a re  dependent i n  number and s i ze  on 
several  parameters which a re  usually unknown, there must be some doubt 
about the actual pa r t i c l e  s ize .  The condensation of the hot  DOP re- 
quires nuclei  t o  be present,  and the number and s i ze  of these nuclei  
vary w i t h  experimental arrangement. A l s o ,  temperature and d i lu t ion  
r a t e  a re  factors  which a f f ec t  the s i ze  d is t r ibu t ion .  In  the cold DOP 
generator,  the nozzle and impactor designs and operating parameters a re  
a l l  important and can be controlled; ye t ,  there i s  s t i l l  some spread 
i n  the d is t r ibu t ion  fo r  a single generator and more variance between 
d i f fe ren t  generators. 

To repeat ,  the usual method of generating DOP fo r  f i l t e r  t e s t ing  
does a job. It was not adequate f o r  Sandia purposes i n  checking e f -  
f ic iency on pa r t i c l e s  l e s s  than 0.3 micron i n  s i ze ,  since pa r t i c l e  s i ze  
d is t r ibu t ion  i s  uncertain,  and the prac t ica l  l i m i t  f o r  l igh t -sca t te r ing  
instruments on s m a l l  numbers of pa r t i c l e s  i s  0.3 micron. 

Gas Sampler 
The suspected presence of harmful vapors within a laminar flow 

clean room of one of Sandia's suppliers prompted an investigation. 
This provided an opportunity t o  extend the e f f o r t  t o  determine the 
e f f ic ienc ies  of HEPA f i l t e r s  on pa r t i c l e s  below 0.3 micron i n  s i ze ,  
since molecules of the gases entering the room a re  two orders of mag- 
nitude smaller than some par t ic les  generated and observed during other 
phases of t h i s  evaluation. 

cated. Spherical: f lasks  were used fo r  ease of cleaning. These f lasks  
were evacuated and taken t o  the suppl ie r ' s  p lan t ,  where gas samples 

Several two-li ter f lasks  with two pressure stopcocks were f ab r i -  
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were taken inside the clean room and outside of the plant .  Upon re turn  
t o  Sandia, the contents were analyzed on a gas chromatograph and mass 
spectrometer and by chemical analysis.  

The chemical analysis used was a s  follows: 

Ozone - l ibera t ion  of I 2  and t i t r a t i o n  sodium th iosu l fa te  with a 
starch indicator .  

Nitrogen Dioxide - d i rec t  absorption i n  a colorimetric reagent. 

Sulfur Dioxide - formaldehyde colorimetric method on alkal ine 
absorbing solution. 

A s ens i t i v i ty  of  0 .01 PPM was obtained i n  t h i s  analysis ,  and periodic 
monitoring w i l l  be maintained. 

C e s i u m  Chloride and Sodium Chloride Aerosol 
In  t h i s  se r ies  of t e s t s ,  solutions of cesium chloride and sodium 

chloride of 1%, 0.1%, and 0.01% concentrations were aerosolized. The 
generator used was a miniature high-output aer  s o l  generator as of the 
type described by Newton, Bennick, and Posner.' It aerosolized a t  a 
r a t e  of 3 ml/hour. 

'Ihese aerosols were driven in to  the plenum chamber of a t e s t  tun- 
ne l ,  and attempts were made t o  capture them both above and below the 
HEPA f i l t e r .  A thermal prec ip i ta tor  (Cassela) and an Elec t ros ta t ic  
Precipi ta tor  (see Figure 1) were used t o  capture pa r t i c l e s  on standard 
carbon-film electron microscope gr ids .  The Elec t ros ta t ic  Prec ip i ta tor  
i s  described by Mercer, T i l le ry ,  and Flores,2 and i s  unique since i t  
uses a t r i t i u m  source t o  ionize the pa r t i c l e  and a strong e l e c t r o s t a t i c  
f i e l d  t o  precipi ta te  the charged pa r t i c l e .  

Electron micrographs were taken of the gr ids  on a Phi l l ips  EM 75 
electron microscope, and the par t ic les  counted and s ized with a Zeiss 
Par t ic le  Counter. A computer program was used t o  a r r ive  a t  s t a t i s t i -  
c a l  data on the d is t r ibu t ion .  The pa r t i c l e  s ize  var ies  as the cube 
root  of the concentration, but even i n  the 0.01% concentration solu- 
t i on  with Count Median Diameter (CMD) of 0.24 micron, the pa r t i c l e s  
captured were too few to  give meaningful s t a t i s t i c s .  

t i c l e s  0.1 micron and la rger  i n  s i ze ,  and a l so  showed the inadequacy 
of the slow generator r a t e  and col lect ion r a t e .  
t a t o r  sampled a t  8 cc/min and the Elec t ros ta t ic  Precipi ta tor  a t  9cc/min. 

The method revealed t h a t  the f i l t e r s  were very e f f i c i e n t  on par- 

The thermal precipi-  

Si lver  Chloride Furnace Generator 
An induction heated furnace was used t o  achieve a temperature of 

650°C t o  vaporize Silver Chloride. Condensation nuclei  were formed 
and were driven with dry nitrogen i n t o  the plenum of the t e s t  tunnel. 

'Page 29 - LF-33 - Biol. & Med. TID-4500; Lovelace Foundation fo r  

2LF-7 - Instruments TID-4500; Lovelace Foundation for  Medical 
Education and Research. 
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Figure 1. Diagram of e l e c t r o s t a t i c  prec ip i ta tor  

The e l e c t r o s t a t i c  precipi ta tor ,  e lectron microscope, and data r e -  
duction techniques were used as &scribed. A marked reduction i n  par- 
t i c l e  s ize  was achieved; the Mass Median Diameter (MMD) of several runs 
was 0.033 micron, and the Count Median Diameter (0) was 0.020 micron 
with a geometric standard deviation UG of 1.31. The pa r t i c l e  s ize  was 
not reduced enough t o  increase the mass present below the f i l t e r  t o  the 
point where sound s t a t i s t i c a l  information could be obtained. 

I r rad ia ted  Sodium Fluoride Aerosol 
The l imi t ed  success of the previous techniques indicated a need 

f o r  an eas i ly  detectable small pa r t i c l e .  A radioactively tagged par- 
t i c l e  seemed the answer. I r radiated sodium f luoride was chosen as  a 
readi ly  water soluble powder with a f a i r l y  large cross-section and 
r e l a t i v e l y  short  h a l f - l i f e  isotope. Sodium 24 has a h a l f - l i f e  of 15 
hours. 

It was decided t o  use the miniature aerosol generator described 
previously and a seven-stage impactor upstream and a l so  downstream of 
the HEPA f i l t e r  t o  capture the pa r t i c l e s .  
then put i n to  a Beckman W i d e  Beta Counter t o  f ind  the a c t i v i t y  on each 
stage. 
impactor a t  1 l i t e r /min .  

Two t e s t s  were run. 
radiated t o  an a c t i v i t y  of 1 mi l l icur ie  and dissolved i n  6 m l .  of water, 
giving a 0.01 percent concentration. The particles produced had an 
aerodynamic mass mean diameter (AMMD) of 0.64 micron, an MMD of 0.38 
micron, anduG of 1.68 as  observed on the upstream impactor. Of the 
t o t a l  mass generated, 20 percent consis ted 'of  pa r t i c l e s  l e s s  than 0 . 4 ~  
aerodynamic mass diameter (AMD) o r  0 . 2 4 ~  mass diameter (MD). 

The fourteen stages w e r e  

The upstream impactor operated a t  150 cc/min and the downstream 

The f irst  t e s t  used 0.6 milligram of NaF ir- 
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The second t e s t  used 3 milligrams of NaF i r r ad ia t ed  t o  an a c t i v i t y  
of 8 mil l icur ies  and dissolved i n  30 m l  of water, giving a 0.01% concen- 
t ra t ion .  However, a d i f fe ren t  generator was used; pa r t i c l e s  were pro- 
duced having an aerodynamic mass mean diameter of 0 . 3 6  micron, a MMD 
of 0 . 2 2  micron, and a OG of 1.5.  Of the t o t a l  mass generated, 32.5% 
was l e s s  than 0 . 3 ~  AMD o r  0.18~ MD. The generator used was an ul t rasonic  
device which aerosolized a t  a r a t e  of 30 m l  per hour. 

The data from both t e s t s  f i t  a log-normal d is t r ibu t ion  quite well 
(see Figure 2 ) .  This plot3 i s  typical  of those obtained for  aerosols.  
Enough information was obtained, once again, on upstream dis t r ibu t ion ,  
but ihe  efficiency of the f i l t e k  d i d  not allow enough pa r t i c l e s  t o  

ass  downstream t o  p e r m i t  information r e t r i e v a l .  It had been hoped t o  
Pobtain a Dlot similar t o  tha t  shown i n  Figure 2 fo r  the downstream i m -  
pactor. 
diameter pa r t i c l e s ,  but with the upstream plo t  would provide a point- 
by-point comparison of eff ic iency.  The a c t i v i t y  measured i n  both t e s t s  
was only two t o  three times background, which was too low t o  r e l y  upon. 

'Ideally, t h i s  p lo t  would be smaller and squeezed t o  the lower 

E X A M P L E LOG - N 0 R M AL D IST R I BUT ION 
C M D 1.0 og = 2.0 

o'81 ,-COUNT MODE ( 0 . 6 1 9 ~ )  

COUNT MEDIAN ( 1 . 0 ~ )  0.71 0.6 n 
COUNT M E A N  ( 1 . 2 7 2 ~ )  j 0.5 

s 
\ 

0 

DIAMETER OF AVERAGE MASS ( 2 . 0 5 6 ~ )  

AREA MEDIAN ( 2 . 6 1 4 ~ )  

AREA M E A N  ( 3 . 3 2 4 ~ )  

MASS MEDIAN ( 4 . 2 2 6 p )  

MASS MEAN ( 5 . 3 7 4 ~ )  

0.0 
I 2 3 4 5 6 7  

PART IC LE D I AM ET E R ( M I CRO N S 

Figure 2 .  Plot from two t e s t s  with 
miniature aerosol generator 

3Unpublished paper, "Par t ic le  Size Analysis Uti l iz ing Grouped Data 
slid the Log-Normal Distribution" by Otto G. Raabe, PhD, Fission Products 
Inhalation Laboratory, Lovelace Foundation. 
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Uranine Solution Aerosol 
The previous t e s t s  showed the high e f f ic iency  of the f i l t e r s  was 

preventing s u f f i c i e n t  mass from ar r iv ing  downstream. The t e s t s  did 
show, however, t ha t  some small pa r t i c l e s  were ge t t i ng  through. A 
massive a t t ack  was planned whereby a continuous t e s t  would be run fo r  
several  hours by using the u l t rasonic  generator f o r  maximum output and 
providing, by sheer volume, enough mass downstream of the f i l t e r .  

i sotope.  Instead,  sodium fluorescein (uranine) was chosen f o r  i t s  
f luorescent  proper t ies ,  and fluorometer was used t o  measure the f l u -  
orescence. 
was chosen f o r  the upstream detector ,  and a membrane f i l t e r  backed by 
ac t iva ted  charcoal was operated a t  51.7 l i t e r s /min  downstream. 

The u l t rasonic  gener- 
a t o r  aerosolized the 0.01% uranine solut ion a t  a r a t e  of 30 m l  p e r  hour. 
A t o t a l  of 36.7 mg of sodium fluorescein was generated i n  t h i s  manner. 
Twenty-five cu f t  of a i r  per minute flowed through the tunnel during 
a l l  t e s t s ,  providing a ve loc i ty  of 100 f e e t  per minute downstream of 
the f i l t e r .  

The length of time involved ruled out the use of a radioact ive 

The seven-stage impactor with a flow r a t e  of 920 cc/min 

Tests were run f o r  5 - 3 / 4  and 6-1/2 hours. 

Good correspondence between the t e s t  data was obtained. On Test 
One, the p a r t i c l e s  had an AMMD of 0.51 micron, an MMD of 0.44b,  and a 
OG of 2.2.  Of the mass generated, 30 percent was of p a r t i c l e s  l e s s  
than 0.35 micron AMD o r  0.3Op MD. T e s t  Two produced p a r t i c l e s  with an 
AMMD of 0.44 micron, an MMD of 0.38P, and a OG of 2.01. 
generated, 30 percent was of pa r t i c l e s  less than 0.30 micron AMD or  
0 . 2 6 ~  MD. Figure 3 shows the d i s t r ibu t ion  of the uranine so lu t ion  up- 
stream of the HEPA f i l t e r  i n  Test Two. 

Of the mass 

AM MD = 0.4 4 p  
% = 2.01 

20 - 
cn cn 

U 1 2 3 4 5 6 7 8 9 1 . 0 1 . 1  1 . 2 1 . 3 1 . 4  1 .51 .6  

PARTICLE DIAMETER IN MICRONS 

Figure 3 .  Mass and s ize  d i s t r ibu t ion  of uranine 
aerosol upstream of HEPA f i l t e r  
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The densi ty  obtained on t h e  inpactor  upstream was 8.88 x 10-6 mg 
per l i t e r ,  while the  dens i ty  found downstream was 3.56 x 10-9 mg per  
l i t e r .  This would ind ica t e  an e f f i c i ency  of 99.96% over a l l  s i z e s  
generated here .  I f  i t  i s  assumed t h a t  a l l  p a r t i c l e s  above 0 . 3  micron 
a r e  f i l t e r e d  out success fu l ly ,  a s  previous e l e c t r o n  micrographs ind i -  
c a t e ,  t he  e f f i c i ency  i s  99.87% on the 2.66 mg per  l i t e r  of a l l  p a r t i -  
c l e s  less  than 0 . 3  micron. 

Conclusion 
A l l  t e s t  techniques used ind ica ted  the  HEPA f i l t e r  t o  be w e l l  wi thin 

the  manufacturer 's  s p e c i f i c a t i o n  of 99.97% e f f i c i e n c y  on a l l  p a r t i c l e s  
0 . 3  micron i n  s i ze .  For the p a r t i c u l a r  s i z e  d i s t r i b u t i o n  generated with 
the  uranine so lu t ions ,  the  f i l t e r  t e s t e d  99.87% e f f i c i e n t  f o r  those par- 
t i c les  less than 0 . 3  micron i n  s i z e .  This high e f f i c i ency  makes most 
t e s t  techniques s u f f e r  from i n s e n s i t i v i t y .  

Further  e f f o r t s  w i l l  be made t o  f i n d  where the  cu tof f  e x i s t s  on 
these f i l t e r s ,  a s  one must e x i s t  somewhere above a diameter of an a i r  
molecule. Various gases w i l l  be generated upstream and de tec to r s  placed 
downstream t o  in t e rcep t  p a r t i c l e s ,  i f  any pass through the  f i l t e r s .  
This t e s t  i s  necessary t o  eva lua te  the e f f e c t  of contaminated a i r  e n t e r -  
ing a c lean room and contaminating objec ts  and personnel.  Additional 
techniques which may be used a r e  a Condensation Nuclei Counter and a 
Diffusion Battery.  Both a r e  s e n s i t i v e  t o  very small p a r t i c l e s ,  bu t  have 
low sampling r a t e s .  



Question and Answer Period 

BURLING: W i l l  l o w  humidity environments (about 10% RH a t  68°F) have 
an e f G Z Z i  p a r t i c l e  monitoring i n  Class 100 clean rooms? 

LIEBERMAN: The answer t o  tha t  i s  yes. Most hgmidity systems w i l l  
have an e t t e c t  on p a r t i c l e  monitoring. This involves the e n t i r e  system, 
which includes the sampling’network a s  well  a s  the p a r t i c l e  analysis  
device. A s  f a r  as  the pa r t i c l e  analysis  device i s  concerned, humidity 
w i l l  probably have l i t t l e  i f  any e f f e c t .  The op t i c  l i g h t  s c a t t e r  sys- 
t e m s ,  f o r  example, a r e  seldom, i f  ever ,  a f fec ted  by humidity. E lec t r i -  
c a l  monitoring systems a re  affected by humidity since the conductivity 
of the atmosphere and of the environment w i l l  be modified by r e l a t i v e  
humidity. The problem is  tha t  when the humidity goes down so does the 
e f f i c i ency  of the sampling system i t s e l f .  The reason i s  t h a t  mqny of 
the p a r t i c l e s  g e t  a barometric constant;  a t  low humidity they w i l l  pick 
up an e l e c t r i c  charge. I f  they pick up an e l e c t r i c  charge and i f  the 
e l e c t r i c  f i e l d  and the atmosphere i s  such t h a t  there  i s  a voltage d i f -  
ference between the sample and the p a r t i c l e  then the chances a re  pres- 
en t  t ha t  the p a r t i c l e  may deposit r i g h t  a t  the sample i n l e t  and not ge t  
i n t o  the sampling system a t  a l l .  
be considered i n  low humidity environments. 

This i s  the most ser ious problem t o  

BALLARD: Does ASTM F-1 recognize the DOP challenge as  an acceptable 
a l t e r n a t e  t o  use of condensation nuc le i  fo r  t e s t i n g  HEPA f i l t e r s ?  

HELMKE: Y e s .  The ASTM F-1 committee now has i n  preparation a 
s t a n d m r  the use of DOP challenge as  a f i l t e r  t e s t ing  method. I am 
not recommending the condensation nuc le i  counter technique as  a subs t i -  
t u t e  o r  replacement f o r  DOP. Each has  i t s  own spec i f i c  area of use. 
For work on components or  devices i n  which the cleaning agent i s  freon, 
t r ichloroethylene,  alcohol or  other solvents ,  the DOP tes t  i s  f ine .  
For e l ec t ron ic  devices, where substrates  a r e  cleaned with boi l ing  hydro- 
gen peroxide so lu t ions ,  we look f o r  the absence of <hydrocrobic contam- 
inants  on the subs t ra te  and thus we  t r y  t o  avoid the recontamination 
t h a t  may occur i n  the short  period a f t e r  DOP. 

standard completed by the United S ta t e s  Standards I n s t i t u t e  and it  i s  
i n  the process of approval. The American Association of Contamination 
Control (AACC) i s  aware of t h i s  standard and w i l l  probably adopt i t .  
This standard w i l l  be cross-referenced probably i n  ASTM F-1. 

condensation nuclei  (0.001 micron i n  s i ze )  mean t h a t  v i rus  in te rcept ion  
should be equally as  e f f ec t ive?  

I bel ieve 1/10 micron might be a f a i r  s i ze  f o r  v i rus ,  and 
i f  t h m s o ,  I would assume, although not ce r t a in ,  t h a t  the HEPA f i l -  
t e r  would in te rcept  a v i rus .  

KLAMERUS: In  general ,  the s i ze  of the v i r u s  goes down from 1/10 
micron. That i s  one of the things we were looking f o r  i n  our evalua- 
t i on .  The f i l t e r s  were very e f fec t ive  down t o  1/10 micron range, bu t  
t h i s  does not negate a window which possibly may e x i s t  f o r  ce r t a in  
s i z e s ,  and, i n  t h a t  case,  viruses of t ha t  s i ze  could proceed through 
the f i l t e r .  

GILBERT: Let m e  amplify a b i t .  There has  been a f i l t e r  challenge 

BALLARD: D o e s  the high eff ic iency of HEPA f i l t e r s  fo r  intercept ing 

HELMKE: 
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GOULET: I f  a l l  p a r t i c l e s  become 10 micron i n  s i z e ,  how do you know 

HELMKE: With the condensation nuclei  technique, there  i s  no way t o  
A l l  t h a t  can be sa id  i s  tha t  the p a r t i c l e s  counted a re  

how many pa r t i c l e s  of d i f f e ren t  s i zes  a re  present?  

s i ze  p a r t i c l e s .  
i n  t h i s  range. 

GOULET: What i s  the sample flow r a t e  of the nuc le i  counter? 

HELMKE: The expansion chamber of the  nuc le i  counter draws i n  20 
c c ' s  f i v e t i m e s  per second. This comes t o  100 cc /sec  or 6 l i t e r s /min .  

GOULET: How long does i t  take t o  scan a f i l t e r ?  

HELMKE: For a f ive  foot  bench, a f i l t e r  could be scanned i n  about 

CADWELL: I s  the  s i ze  of a water droplet  dependent on the s i ze  of 

HELMKE: To the bes t  of my knowledge, i t  i s  not .  Pa r t i c l e  physi- 

5 minutes. 

the nucleus about which the  droplet  formed? 

c i s t s m a v e  studied t h i s  matter believe t h a t  they a re  looking a t  
p a r t i c l e s  i n  the droplets  i n  the 10-micron range. 

mass of: pa r t i c l e s ,  how can you say tha t  it w i l l  not de tec t  under 0.3 
micron? 

STEINBERG: Since the forward l i g h t  s ca t t e r ing  photometer works on 

KLAMERUS: It i s  a function of the number we are  ta lk ing  about. 
There i s  no doubt t h a t  a forward scanning photometer w i l l  pick up la rge  
masses of smaller p a r t i c l e s .  I contend t h a t  l i g h t  s ca t t e r ing  devices 
cannot pick up molecules because we are  proceeding so f a r  below the 
wave l e n  t h  of l i g h t  which establ ished t h i s  lower l i m i t ,  e s s e n t i a l l y  
around 3 'I 1 0  micron. 
be picked up. 

grea te r  than 99 percent of 0.3 micron p a r t i c l e s .  
Do you have other information? 

DOP generator ,  as  I sa id ,  i s  a function of four d i f f e ren t  parameters, 
which, unfortunately,  many people do not control .  

GILBERT: We were able t o  ge t  p a r t i c l e s  from 1/10  micron t o  1 micron 
out of the nozzle of the cold DOP generator.  With the hot  DOP generator 
(the f ixed nonportable f i l t e r  t e s t ing  DOP penetrometer) , the p a r t i c l e  
s i ze  i s  very careful ly  control led by a device which holds the p a r t i c l e  
s i ze  a t  3/10 micron. 

control  program tha t  the methods of t e s t ing  f l u i d s  were time consuming, 
were cos t ly  and not always reproducible. Many thousands of f l u i d  sam- 
p les  were previously tes ted  i n  typ ica l  aerospace cleaning operations t o  
v e r i f y  and meet the s t r ingent  demands imposed by our spec i f ica t ions  
r e l i a b l y .  
these requirements. We a t  Marshall Space F l igh t  Center, however, were 
not i n  the business of developing instrumentation f o r  monitoring. 
we had t o  depend upon industry and research i n s t i t u t e s  fo r  the R and D 
phass. 

But with la rge  masses of any s i z e ,  s ca t t e r ing  w i l l  

STEINBERG: The hot  DOP generator carefu l ly  control led w i l l  produce 
You s t a t e  d i f f e ren t ly .  

KLAMERUS: The key words here a re  "carefu l ly  controlled." The hot  

BEYERLE: It became apparent ea r ly  i n  the aerospace contamination 

Automatic counters appeared the most promising t o  control  

So 

We were in t e re s t ed  only i n  the end product development and a l s o  
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i n  a s t r ingent  r e l i a b i l i t y  program t o  assure meeting the requirements 
f o r  the clean hardware. I would l i k e  M r .  Lieberman t o  discuss the 
ramif icat ions of t h i s  R and D phase. 

LIEBERMAN: This was a coordinated operation. M r .  Beyerle had a 
problem and I I T  ended up as  the place where a so lu t ion  was sought. I n  
essence, I I T  got from Marshall Space F l ight  Center a set  of requirements. 
The requirements were not to develop a pa r t i cu la t e  or automatic p a r t i c l e  
counter t o  ce r t a in  design spec i f ica t ions ,  but f o r  I I T  t o  come up with 
instrument parameters of pa r t i c l e  s i z e  l imi t a t ion ,  p a r t i c l e  s i z e  concFn- 
t r a t i o n  measurement capab i l i t i e s ,  data handling and things such a s  these. 
I n  shor t ,  what w e  had t o  do was t o  ge t  together with Marshall and de- 
velop a process f o r  an instrument spec i f ica t ion .  From there we were t o  
go t o  an instrument design. From the large number of complex s l i d e s  
t h a t  have been shown here the l a s t  couple of days, a l l  should agree tha t  
a major pa r t  of the i n i t i a l  research and development work i s  completed. 

quirements. The performance has been spec i f ied ,  and the performance i s  
based on the hardware capab i l i t i e s  ava i lab le  i n  present day devices, 
such as  photomultipliers,  re lays ,  t r a n s i s t o r s ,  valves ,  motors and so 
fo r th .  W e  know t h a t  we need to  monitor c leanl iness  and we  know what the 
requirements of c lean room operation a re .  What i s  a l s o  impl ic i t  i n  a l l  
of these instrument performance requirements is  the des ignabi l i ty ,  and 
t h i s  i s  where the going ge t s  tough. The instrument design has been 
done, there  a r e  about a ha l f  dozen ava i lab le  commercial instruments f o r  
monitoring airborne p a r t i c l e s ,  there  a re  avai lable  another ha l f  dozen 
or  so instruments f o r  monitoring p a r t i c l e s  i n  l i q u i d ,  and there  a re  
about another 20 designs avai lable  f o r  Jaboratory devices--one of a kind 
prototype systems. This i s  a t  the point where we a r e  now--reliabil i ty 
and operation. 

l i a b i l i t y  i s  something we have t o  require .  We have f i e l d  conditions 
and the f i l t e r  banks w e r e  not designed and i n s t a l l e d  f o r  t e s t ing .  The 
t e s t i n g  came l a t e r ,  and i t  gets r a the r  rugged t o  ge t  the instruments 
up t o  the f i l t e r  bank f o r  the t e s t ing .  Consequently we prefer  a f i e l d  
type instrument. Obviously i t  should be as  portable a s  possible be- 
cause there  a re  some ra the r  d i f f i c u l t  conditions under which f i e l d  
people have t o  tes t .  It i s  simply a case t h a t  we would l i k e  the tech- 
n ic ian  doing t h i s  work t o  be as happy as  possible ,  but  with the in s t ru -  
mentation t h a t  we have, while we made some progress,  there  i s  much l e f t  
t o  be desired.  Does anyone want t o  amplify the s i t u a t i o n  as  t o  what the 
fu ture  might o f f e r ,  where we might do more work, and whether the cos t  
of instrumentation and techniques might come down? Has anyone volun- 
teered t o  support the de-bugging of the I I T  instrument? 

bugging of: the I I T  instrument, no, t h i s  w i l l  not happen. Eventually, 
e i t h e r  industry or  government w i l l  f ind  t h a t  they require  r e l i a b i l i t y  
of instruments which may or may not be an instrument designed by the 
I I T .  It may be an instrument designed by any of the manufacturers t h a t  
may require  modification fo r  special  purpose , high r e l i a b i l i t y ,  or de- 
t a i l  operations.  A t  t h i s  time, there i s  no money ava i lab le  f o r  such 
needed de-bugging of new designs. 

counters and the attachments for the chemical monitoring? 

Instruments have been designed t o  m e e t  e s s e n t i a l l y  a l l  of the re- 

GILBERT: This i s  a s t ep  in the r i g h t  d i rec t ion .  I n  the AEC, r e -  

LIEBERMAN: A s  f a r  a s  anybody volunteering money t o  support the de- 

GILBERT: What i s  an approximate f igure  fo r  the cos t  of nuc le i  
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YEICH:  The base instrument cos t s  about $4500 and each one of the 
attachments runs approximately $500. 
I received a l e t t e r  from General E lec t r i c  which ind ica ted  t h a t  f o r  
another $1500 it  could provide an automatic range changing mechanism 
i n  the equipment s o  i f  one were on one range and passed o u t ' o f  t h a t  
range i n t o  a higher range, the mechanism would automatical ly  go i n t o  
the next higher range. GE a l s o  indicated i f  any sulphur dioxide mole- 
cules  a re  present i n  the u l t r a v i o l e t  chamber, i t  can, by masking them, 
permit d i f f e r e n t  ranges t o  be s e t  up. Neither of these things was I 
f ami l i a r  with when I wrote my paper. 

impor tan t for  a l l  of us t o  know the e f f i c i ency  of HEPA f i l t e r s .  I hope 
t h a t  we w i l l  soon be able  t o  have someone provide a de t a i l ed  account of 
these f i l t e r s .  I would suggest,  M r .  Klamerus, t h a t  you look a t  the 
p o s s i b i l i t y  of generating p a r t i c l e s  from e l e c t r i c  a r c s  of the s i z e  needed 
s ince Sandia seems t o  have the f a c i l i t i e s  f o r  checking s i z e s .  

Subsequent t o  wr i t ing  my paper, 

HELMKE: I was much in t r igued  by M r .  Klamerus's paper, and i t  i s  

KLAMERUS: That i s  a he lp fu l  suggestion. Now, I would l i k e  t o  pose 
a question. What should be done during the gas sampling techniques i f  
smog en te r s  the room? Charcoal f i l t e r s  or  water shower? 

YEICH: A t  Reading, we checked i n t o  charcoal f i l t e r s  severa l  years 
ago, T i n  my opinion, they a re  use l e s s ,  One day, I was doing a t e s t  
and discovered t h a t  I was re leas ing  more sulphur dioxide from my f i l t e r  
than I was put t ing i n t o  i t .  We found t h a t  somebody was over i n  the 
corner using a spray gun. It appeared t h a t  the charcoal f i l t e r  had more 
a f f i n i t y  f o r  the solvents  i n  the spray gun, so it  was ge t t i ng  r i d  of the 
sulphur dioxide.  

GILBERT: I would disagree with you. I think the s i z e  of your Sam- 
p l e  must have been inadequate. 
f i l t e r s  i n  our area.  We have inves t iga ted  many s u b s t i t u t e s  f o r  char- 
coa l ,  and we s t i l l  f ind  i t  t o  be the b e s t  f o r  our appl ica t ion ,  which i s  
pr imari ly  the absorption of iodine.  

charcoal k i l t e r  banks t o  absorb smog i n  l a rge  amounts. 

We have had good success with charcoal 

KLAMERUS: I was not  speaking of small areas .  I was thinking of 

ELINSKY:  A r e q u i s i t e  i s  t o  know what contamination l e v e l s  a re  being 
experienced i n  the gaseous phase, which i s  a d i f f e r e n t  contaminant than 
the p a r t i c u l a t e  of clean rooms. 
f o r  absorpt ion.  Therefore, M r .  Yeich was experiencing the over- 
abundance of the concentration which had been picked up and was coming. 
through the downstream s ide .  

Carbon f i l t e r s  have a f ixed  capaci ty  
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S E S S I O N  V 

MICROBIAL CONTAMINATION 

INTRODUCTION 

A .  H. NEILL 
NASA Headquarters 
Washington, D. C .  

The Program Arrangement Committee has  done an outstanding job of 
se lec t ion .  The program i s  varied,  i t  i s  down t o  ea r th ,  and i t  a l s o  
ge t s  i n t o  the so-called never-never land. 

We, i n  the Planetary Quarantine program, a re  faced with formidable 
problems i n  t rying t o  implement some of the NASA po l i c i e s  and object ives  
i n  maintaining the p r i s t i n e  s t a t e  of the planet  and a l s o  i n  containing 
the contamination on the Lunar surface,  a s  well  a s  keeping an inventory 
of i t s  loca t ion  and type of contamination so t h a t  i n  the fu ture ,  i f  we 
do have successful explorations,  we w i l l  know where t h a t  contamination 
i s  so tha t  i t  w i l l  not confuse personnel i n  t h e i r  very v i t a l  search f o r  
e x t r a t e r r e s t i a l  l i f e .  That i s  the near program object ive.  

We have approached the planetary quarantine functions i n  a funda- 
mental manner. 
supporting research and technology development program through the 
planetary quarantine bioscience program. 
underway a t  the present time searching f o r  b e t t e r  ways t o  do the job 
and t o  make i t  more and more compatible with the engineering design, 
assembly, and other  mission objectives.  The b io log i s t s  have learned 
t o  recognize t h a t  they cannot s i t  off  on a l i t t l e  i s land  by themselves 
and do the job. It has got  t o  be done within the framework and under- 
standing of the engineers,  technicians,  designers,  and everyone e l s e .  

This seems t o  be one of the major problems even now--to g e t  a good 
understanding among the v iab le  contamination people, the nonviable con- 
tamination people, the engineers, and anyone e l s e  tha t  has  t o  do with 
the t e s t ing ,  assembly, and so on. I think tha t  t h i s  kind of meeting 
tends t o  promote t h i s  understanding. ' 

In  the past  few years ,  there has been a subs tan t ia l  

There a re  about 30 projec ts  
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1. MICROBIAL DECONTAMINATION AND SAMPLING PROGRAM FOR ANCHORED 
INTERPLANETARY MONITORING PLATFORM (AIMP-E) SPACECRAFT 

F. N. LeDOUX 
Goddard Space F l ight  Center 

Greenbelt, Maryland 

Ab s t r a c t  

A requirement of the Office of Planetary Quarantine, NASA Headquar- 
t e r s  f o r  biological ly  clean spacecraft  operating i n  the near v i c i n i t y  
of the moon necessi ta ted the development of a decontamination program 
f o r  the AIMF-E spacecraft .  

alcohol and acetone. To determine effect iveness  of decontamination 
process two methods of recovering viable  micro-organisms were used. 
One method employed control  s t r i p s  with detachable coupons for  monitor- 
ing the e lec t ronic  c i r c u i t  modules and the other  method employed s t e r i l e  
swabs and templates t o  monitor other surface a reas .  Coupons and/or 
swabs were immersed i n  a 1% peptone wash so lu t ion  and sonicated a t  25 
kc/sec fo r  1 2  minutes. Aliquots of the sonicated so lu t ion  were plated 
out on agar,  incubated and colony counts made. Records were made of 
the numbers of aerobic and anaerobic spore and vegetat ive organisms r e -  
maining on a surface a f t e r  the decontamination process. A l l  assembly 
and t e s t  operations were conducted i n  control led and/or clean-room 
f a c i l i t i e s .  As a r e s u l t  of the evaluation of records tha t  were main- 
ta ined the AIMP-E spacecraf t  contained an in t e rna l  burden of 2.19 x l o 5  
organisms and a surface burden of 4.42 x 1 0 4 .  
ing was estimated a t  7 .4  x l o 3  organisms. This spore population on the 
surface w i l l  be reduced t o  l e s s  than 1.89 x 10-9 due t o  the spacecraf t ' s  
o r b i t a l  l i f e  expectancy of 3 years and 1440 cycles of temperature change 
i n  an u l t r a  high vacuum. 

Decontamination was e f fec ted  with chemical solut ions of isopropyl 

The surface spore load- 

Introduction 

A primary objective of the Anchored Interplanetary Monitoring 
Platform (AIMF-E) i s  t o  inves t iga te  the cha rac t e r i s t i c s  of the i n t e r -  
planetary magnetic f i e l d  out t o ' and  a t  lunar  distances i n  e i t h e r  a cap- 
tured lunar o rb i t  or a geocentric o r b i t  with an apogee near or  beyond 
the lunar distance.  
v i c i n i t y  of the moon i t  i s  considered a po ten t i a l  lunar  lander as  the 
g rav i t a t iona l  pul l  of the moon w i l l  eventuelly capture the spacecraf t  
and it w i l l  impact the lunar  surface.  When t h i s  occurs a number of 
v iab le  micro-organisms remaining on the spacecraf t  ca r r i ed  from the 
ea r th  w i l l  be deposited on the lunar surface.  

It being a prime r e spons ib i l i t y  of the NASA Bioscience program to  

Because of the spacecraf t ' s  mission i n  the near 

record and maintain inventories of a l l  b iological  contamination deposited 
on the lunar surface i t  then became necessary f o r  the Goddard Space 
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F l i g h t  Center (GSFC) t o  device an in-house program f o r  b io log ica l  decon- 
tamlnation; sampling and assaying the  spacec ra f t  and i t s  hardware, main- 
t a i n i n g  a bio-clean environment during the phases of assembly and t e s t i n g  
and a method of maintaining running records of v i ab le  contamination. 

spacec ra f t  was inaugurated tTs ts  were conducted t o  determine the  com- 
p a t i b i l i t y  of the spacec ra f t  s ma te r i a l s  and the decontaminates used 
t o  reduce the microbiological  population. Samples of a l l  ma te r i a l s  
used i n  the build-up of the spacecraf t  system were t e s t e d ,  i . e . ,  a l l  
metals  coated and ba re ,  f i be rg la s s  , epoxies , s e a l a n t s  , adhesives ,  t h e r -  
m a l  coa t ings ,  p l a s t i c s  and working e l e c t r o n i c  components. A s  a r e s u l t  
of a l l  the  t e s t s  conducted there was no evidence t o  s u b s t a n t i a t e  t h a t  
f a i l u r e  of a component would occur a s  a r e s u l t  of the decontamination 
process .  

A l l  sur faces  of the spacecraf t  were monitored f o r  microbiological  
contamination. The var ious areas were c l a s s i f i e d  with r e spec t  t o  the 
manner i n  which they were exposed or occluded and as  t o  t h e i r  physical  
l oca t ion .  Figure 1 depic ts  the AIMP-E spacecraf t  i n  a f l i g h t  configu- 
r a t i o n .  

Before a program f o r  b io log ica l  decontamination of the  AIW-E 

AIMP-E 
f l i g h t  

Figure 1. 
spacec ra f t  i n  a 
conf igura t ion  

Area C l a s s i f i c a t i o n  

A. I n t e r i o r  sur faces  p r io r  t o  occlusion by conformal coat ing and/ 
or  encapsulat ion.  A l l  i n t e r i o r  sur face  a reas  of the module frames 
which included wa l l s  , c a v i t i e s  , and e l e c t r o n i c  c i r c u i t  boards.  

exposed sur faces  of module frame s t acks .  
B. Occluded sur face  areas obs t ruc ted  by module frames excluding 

C .  Cover and occluded inner sur faces  of the spacec ra f t .  

D. Other i n t e r i o r  surfaces  of the spacec ra f t .  
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E. Exter ior  sur faces  of the spacec ra f t  occluded and exposed. 

Methods Employed f o r  Microbial Recovery 

Two methods of recovering v i a b l e  organisms from the  spacec ra f t  
sur faces  were employed. One method employed c o n t r o l  s t r i p s  with de- 
tachable  coupons. Figure 2 shows a con t ro l  s t r i p  i n  d e t a i l .  Figure 3 
shows such a cont ro l  s t r i p  a f f i x e d  t o  a c i r c u i t  module frame. The con- 
t r o l  s t i p s  were first s t e r i l i z e d  i n  a steam autoclave then a f f i x e d  t o  

t Figure 2 .  
Control s t r i p  with 
detachable coupons 

* 

Figure 3 .  
Elec t ronic  c i r c u i t  
module with con t ro l  
s t r i p  a t t ached  

each module frame i n  a s imi l a r  manner, so loca ted  a s  t o  compel the  tech-  
n i c i a n  t o  touch the con t ro l  s t r i p  each time the module i s  handled. The 
purpose of t he  control  s t r i p  i s  t o  prove the e f f ec t iveness  of decontam- 
i n a t i o n  process  and allow a p r a c t i c a l  method of assaying the  contamina- 
t i o n  l e v e l  on a c i r c u i t  module p r i o r  t o  decontamination and the probable 
l e v e l  of contamination a f t e r  the decontamination process .  These cont ro l  
s t r i p s  were f ab r i ca t ed  from the same ma te r i a l  as  the  p r i n t e d  c i r c u i t  
board and i n  such a manner a s  t o  y i e l d  f i v e  e a s i l y  removed coupons. 



I .  

I 
I 

A coupon was removed from the cont ro l  s t r i p  and assayed t o  determine 
t h e  contamination l eve l .  A f t e r  t h e  decontamination process another  
coupon w a s  removed s o  a s  t o  determine the  number of v i a b l e  organisms 
remaining on t h e  c i r c u i t  module. 
i n t o  a wash b o t t l e  containing 50 m l  of 1.0% s t e r i l e  peptone so lu t ion .  
The wash b o t t l e  was then placed i n  an u l t r a s o n i c  bath and sonicated 
a t  25 kc/sec f o r  1 2  minutes before p e t r i - p l a t e  prepara t ion .  

Upon removing a coupon i t  was placed 

The c i r c u i t  modules were monitored b io log ica l ly  i n  t h i s  manner a t  
t i m e  of conformal coa t ing  and again a t  t i m e  o f  encapsulation. 

The second method of recovering v i a b l e  micro-organisms employed 
s te r i le  swabs and templates. Sampling w a s  accomplished by f i rs t  i n s e r t -  
i n g  t h e  s t e r i l e  swab i n t o  the wash so lu t ion .  The swab w a s  then r e t r a c t e d  
i n t o  i t s  holder  and the excess s o l u t i o n  removed by press ing  the  swab t i p  
on t h e  i n s i d e  w a l l  of the  tube. 
S t e r i l e  Kraf t  paper w a s  used as a template. The template openings var- 
i e d  depending upon the  configurat ions of a r eas  sampled. I n  most cases 
a 4 square inch  opening template was used. A f t e r  sampling a p a r t i c u l a r  
a r e a  t h e  microbiologis t  performing t h e  sampling he ld  the  swab by i t s  
p r o t e c t i v e  s h i e l d  and a s e p t i c a l l y  broke i t  o f f  i n t o  i t s  tes t  tube which 
contained 5 m l  of s t e r i l e  1.0% peptone wash so lu t ion .  T h e  tes t  tube 
conta in ing  the  swab w a s  then placed i n t o  an u l t r a s o n i c  bath and soni-  
ca t ed  a t  25 kc/sec f o r  1 2  minutes. This procedure dispensed the co t ton  
i n t o  t h e  peptone so lu t ion .  
ob ta in  the  samples from the  spacecraf t  and i t s  hardware. 

A r o l l i n g  tw i s t ing  motion was used. 

Figure 4 shows the  type of swab used t o  

Pe t r i -P la t e  Preparat ion.  Eight ,  100 mm-diameter p e t r i  p l a t e s  were 
prepared krom each coupon wash b o t t l e .  Four, ( 4 )  p l a t e s  were prepared 
each containing 5 m l  of the  sonicated s o l u t i o n  and 20 m l  of t r y p t i c a s e  
soy aga r  (TSA). 
8 O o C  i n  a water ba th  f o r  20 minutes. Four, ( 4 )  p e t r i  p l a t e s  were pre- 
pared each containing 5 m l  of  the heat-shocked so lu t ion .  
p e t r i  p l a t e s  were prepared from each swab sample. Two, ( 2 )  p l a t e s  w e r e  
prepared each containing 1 m l  of s o l u t i o n  and 20 ml.of TSA. Remaining 
s o l u t i o n  was heat-shocked a t  80°C f o r  twenty minutes. Two, ( 2 )  p l a t e s  
w e r e  then prepared each containing 1 m l  of t h e  heat-shocked so lu t ion .  

The remaining sonica ted  s o l u t i o n  was heat-shocked a t  

Four, ( 4 )  

Figure 4 .  Ster i le  swabs used f o r  sampling 
areas  f o r  assays 
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Cultur in  . Two ( 2 )  p e t r i  p l a t e s  prepared from the  nonheat shocked 
so lu t ion  --+ o t amed  from the coupons and two, ( 2 )  p l a t e s  prepared from 
the heat-shocked port ion of t h i s  so lu t ion  were aerobica l ly  incubated. 
Colony counts were made a f t e r  2 4 ,  4 8 ,  and 7 2  hours.  Remaining p l a t e s  
containing nonheat-shocked and heat-shocked port ions of so lu t ion  were 
anaerobical ly  incubated. Colony counts w e r e  made a f t e r  7 2  hours of 
incubation. Culturing of the so lu t ion  obtained from the swab samples 
were performed i n  the same manner. A l l  p e t r i  p l a t e s  were incubated a t  
32°C. Culturing normally was s t a r t e d  within an hour a f t e r  taking sam- 
p les  from the spacecraf t .  Figures 5a and 5b depic t  the manner of cu l -  
t u re  preparat ion.  

20ml OF SONICATED 
WASH SOLUTION 

30ml OF SONICATED 
WASH SOLUTION 

PLATE 2 PLATE 2 
PORT I ON 5 PORTIONS 
TRYPTICASE TRY PT ICASE 
SOY AGAR SOY AGAR 
INCUBATE INCUBATE 

AEROBICALLY ANAEROBICALLY 
32OC - 72 HOURS 32OC - 72 HOURS 

HEAT - SHOCK AT 80°C 
FOR 20 MIN 

. I 

PLATE 2 PLATE 2 
PORT IONS PORTIONS 
TRYPTICASE TRYPTICASE 

SOY AGAR 5OY AGAR _ _  
INCUB~TE 

AEROBICALLY 
32OC - 72 HOURS 

INCUBATE 
ANAEROBICALLY 
32OC - 72 HOURS 

COUNT 24,48 AND 
72 HOURS 

COUNT AT 
72 HOURS 

COUNT 24,48 AND 
72 HOURS 

COUNT AT 
72 HOURS 

Figure 5a. Schematic of coupon assaying procedure 
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SWABS 

5 ml 
1% STERILE PEPTONE 

WASH SOLUTION 

ULTRASONICATE AT 
25KC/SEC FOR 12 MIN 

I 
3rnl OF SOLUTION F 

PLATE 2 PORTIONS ON 
TRYPTICASE SOY AGAR 
INCVBATE AEROBICALLY 

32 C FOR 72 HOURS 

COUNT 24,48 AND 
72 HOURS 

PLATE 2 PORTIONS ON 
TRYPTICASE SOY AGAR 

INCUBATE ANAEROBICALLY 
32OC FOR 72 HOURS 

HEAT - 
FI 

,T 8OoC 
N 

COUNT AT 72 HOURS 

Figure 5b. Schematic of swab assaying procedure 

All surfaces of the spacecraft were monitored for  microbial contam- 
ination, i.e.,  the areas which would be occluded by an attachment, in- 
strument or s t ructural  member and the exposed surface areas on the in- 
t e r io r  and exterior of the spacecraft. Figure 6 i s  a schematic that  
depicts the spacecraft configuration without i t s  4th stage retromotor, 
a t t i tude  control system, nutation damper and solar paddles. It also 
depicts the s t ructural  materials. 
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MOTOR ADAPTER 
FIBEPGLASS 0.156 THICK I 

FOURTH STAGE CLAMPBAND 
BAND 
TENELON STAINLESS STEEL 
SEGMENTS 
MAGNESIUM ZK 60A-T5 

CORE HEX, AL. 1/8-5052-0.0007P 
X 0.125 THICK 

SKINS 0 008 THICK OUTSIDE 
0.003 THICK INSIDE 
BOTH 2024-73 ALUM. 

I 1  
CENTER TUBES , 
MAGNESIUM ZK60A-T5 
DOW HI7 

MODULE FRAMES 
MAGNESIUM ZK60A-T5 
ALUMINUM 6061 - T6 

STRUTS 
ALUMINUM 7075 - T6 

CORE HEX AL. 1 /8 -5052-0  0007P 

'C' FRAME 
ALUMINUM 6061 -76 

PLATFORM SUPPORT RM 
ALUMINUM 6061 - T6 

X 0 375" THICK 
SKIN 0 006 THICK TOP 

0 008 THICK BOTTOM )/ BOTH 2024-T3 ALUM 

\ 

PADDLE a BOOM B R A C K E T S /  
ALUMINUM 7075-T6 

\ I  BOOMS FIBERGLASS 

FIBERGLASS 

Figure 6 .  AIMP-E spacecraft  showing spacecraf t  
configuration and s t r u c t u r a l  mater ia ls  

Figure 7 depicts the manner i n  which the spacecraf t  and the v a r i -  
ous components t ha t  make up the spacecraft  system were decontaminated 
and the manner i n  which the microbial samples were taken. 

Decontamination and Sampling Procedure 

component par t s  of: the spacecraf t  t h a t  were decontaminated. Decontam- 
ina t ion  was achieved by f i r s t  precleaning with an aerosol of e thyl  a l -  
cohol t o  remove deposits of solder  f lux  and/or water lacquer remaining 
on c i r c u i t  boards a f t e r  t h e i r  fabr ica t ion .  A control  s t r i p  was then 
a f f ixed  to  the module frame. This control  s t r i p  was f i r s t  s t e r i l i z e d  
i n  a steam autoclave before attachment, The modules were then inspected 
and e l e c t r i c a l  t e s t s  as required by the cognizant s c i e n t i s t  were con- 
ducted. The modules were then delivered t o  the Mechanical Systems 
Branch a t  Goddard f o r  biomonitoring and in tegra t ion  i n t o  the spacecraf t  
sys tem . 

A coupon was taken from the control  s t r i p  t h a t  was a f f ixed  t o  the 
module and an assay performed t o  determine the type and level' of con- 
tamination. The module and the remaining port ion of the control  s t r i p  
w e r e  then decontaminated by immersion i n  a 90% isopropyl alcohol solu- 
t i on .  The module was ag i ta ted  by hand a t  l e a s t  three times during a 
15-minute immersion. The e l ec t ron ic  c i r c u i t  module and remaining por- 
t i o n  of control s t r i p  was then placed i n t o  a vacuum oven and subjected 
t o  a temperature of 55°C f o r  one hour duration. A coupon was then r e -  
moved asept ica l ly  and an assay performed t o  determine the type and l eve l  
of contamination remaining on the module a f t e r  decontamination process. 
A bac te r ios t a t i c  conformal coating was then applied t o  the e l ec t ron ic  

Electronic Ci rcu i t  Modules. The e lec t ronic  modules w e r e  the f i r s t  
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I COUPON COUPON 
ASSAY 

t 15 MINUTE SOAK 
100% c 90% ISOPROPYL 

ALCOHOL 

PRECLEANED 

ETHYL ALCOHOL 

90% ISOPROPYL 
ALCOHOL AND 

COTTON WIPERS 

t BACTERIOSTATIC 

COAT I NG 
+ CONFORMAL 

15 MINUTE SOAK 

ALCOHOL 
90% ISOPROPYL 

SWAB/ASSAY 

XYLENE WASH 
90% ISOPROPYL SWAB/ASSAY 
& ULTRASONICS 

t LABORATORY 
C MODULE * ELECTRONIC 

ENCAPSULATED INTEGRATION 
' 

a 

ALL OCCULDED 
SURFACE 
AREAS 

Figure 7a. Areas decontaminated, manner of decontamination 
and s t e r i l i z a t i o n ,  and the method of recovering 
v iab le  micro-organisms 
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STRUCTURAL EXTERIOR SOLAR 
MEMBERS KICK MOTOR ARRAYS 
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4th STAGE A N D  
SPACECRAFT 
INTERFACE 

THERMAL THERMAL COATINGS 1 BLANKET 1 1 a.  BUFFED 
EXTERIOR b. BLACK PAJNT 

DOUBLE PACK 
STERILE 
PLASTIC 

CONTAINERS 

ULTRASONIC 
BATH 

50% ISOPROPYL 1 4 HEtZoERY 1 4 
ALCOHOL 25 MINUTES 

25KC/SEC-25 MIN 
I I - I 

I 
- SWAs/ASSAY 

- 
SWAB/ASSAY 

100% ETHYL ALCOHOL 
10% ACETIC ACID 

AND/OR 

- 
FASTENERS I SO PROPY L THERMAL BLANKETS 

MACHINE SCREWS __c 8. ULTRASONICS 
NUTS, WASHERS 25KC/SEC 15 M I N  

ASEPSIS 12% ETHYLENE OXIDE 
COVERS 8 _c 88% FREON 12 

TOOL HOLDERS EXPOSURE 22 HOURS 1 - 1/2 HOURS 22 HOURS 

PRECLEANED 
COTTON 1-4 VAPOR CLEANED TF 1 

WIPERS 25 MINUTES H CLEAN -ROOM 
SMALL TOOLS 

I I I I 

Figure 7b. Areas decontaminated, manner of decontamination 
and sterilization, and the method of recovering 
viable micro-organisms 



c i r c u i t s  and module. 
following organisms: Bacillus s u b t i l i s  var niger ,  Staphylococcus aureus, 
Pseudomonas a l ca l ig ines  and Corynebacterium SSP. 

The c i r c u i t  modules were then packaged i n t o  a protect ive container 
and delivered t o  the laboratory f o r  e lec t ronic  checks and t e s t ing .  
Upon completion of the tes t ing  the c i r c u i t  modules were sen t  t o  the 
Mechanical Systems Branch and the above process was repeated with the 
exception of the conformal coating. A t  t h i s  time the c i r c u i t  modules 
were encapsulated a f t e r  decontamination and assaying. 

Occluded Surfaces; Structural  Members and Motor Exterior.  Pr ior  
t o  occlusion by a component, a s t r u c t u r a l  m e m b e r  o r  attachments such 
as the retromotor, the area that  was t o  be occluded was f i r s t  assayed 
t o  determine contamination level .  S t e r i l e  l i n t - f r e e  cot ton wipers and 
isopropyl alcohol was used to  e f f e c t  decontamination. 

The areas  t o  be decontaminated were f i r s t  precleaned by vacuuming 
the area t o  remove any gross pa r t i c l e s .  
immersed i n t o  a 90% solut ion of isopropyl alcohol,  and wrung damp dry 
by hand. The per t inent  areas were then thoroughly wiped. After evap- 
ora t ion  of alcohol,  a swab sample was taken. The number of samples 
taken was dependent upon the area of i t e m  sampled. 
the  grea te r  number of samples w e r e  taken. 

Board coating had bac te r ios t a t i c  q u a l i t i e s  on the 

The cot ton wipers were then 

The l a rge r  the area 

E lec t r i ca l  Connectors and Wiring Harness. The e l e c t r i c a l  connec- 
t o r s  and wiring harness had the rosen tlux deposits removed from the 
connections by-applying xylene with a n a t u r a l ' b r i s t l e  brush f o r  approx- 
imately f i f t e e n  seconds. Connectors were then r insed  off  i n  an iso-  
propyl bath.  A swab sample was taken i n  several  areas  of the wiring 
harness f o r  assays t o  determine the contamination l e v e l .  The e n t i r e  
wiring harness including connections was then immersed i n  a 90% isopropyl 
bath and sonicated a t  40 kc/sec fo r  approximately ten minutes. 
was then allowed t o  a i r  dry under a fume hood and swab samples taken 
f o r  determining l eve l s  of contamination a f t e r  decontamination. 

Harness 

In te r face ,  Thermal Blankets and Coatings. The fourth stage i n t e r -  
face,  thermal b l  anket ex ter ior  sur tace and the black painted and buffed 
thermal coatings w e r e  decontaminated i n  a l i k e  manner, 
decontamination a swab sample was taken ?for  assaying the contaminated 
l eve l  j u s t  p r ior  t o  launch. After sample was taken any stubborn s t a i n  
remaining on the coatings was removed with a 10% a c e t i c  ac id  so lu t ion  
and/or swabbed with a 100% ethyl  alcohol.  The e n t i r e  surface area was 
then swabbed with s ter i le  cotton swabs tha t  had j u s t  been immersed i n  
acetone. Only the purest  grade of spectanalyzed acetone was used. A 
swab sample was then taken for  assay of the decontaminated surfaces.  
After samples were taken tha t  pa r t i cu la r  area was again swabbed with 
ace tone . 

Pr ior  t o  any 

Thermal Blankets and In t e r io r  of Booms. The thermal blankets w e r e  
f i r s t  assayed with swabs t o  determine the contaminated l eve l .  SamDles 
were taken-from several  of the l aye r s  t h a t  made up the blanket.  
blankets were then s t e r i l i z e d  with dry hea t ,  140°C f o r  1 6  hours. After 
i n s t a l l a t i o n  on spacecraf t  the exposed ex te r io r  surfaces were again 
monitored t o  determine the contamination l eve l .  The blankets were 
sealed;  therefore  i t  was accepted t h a t  s t e r i l i t y  of the inner  surfaces 
was not v io la ted .  The i n t e r i o r  of the booms were considered s t e r i l e  
as they w e r e  subjected t o  177°C dry hea t  fo r  a period of 1 and 1 / 2  hours 
during lacquer bake-on. However, the ex te r io r  of bocms and thermal 
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blankets  were exposed a f t e r  s t e r i l i z a t i o n  and were subjec t  t o  possible  
contamination, therefore they were again sampled, decontaminated and 
sampled t o  determine contamination l e v e l s  j u s t  p r i o r  t o  launching space- 
c r a f t .  

Miscellaneous Small Metal l ic  P a r t s ,  Nuts, Bol t s ,  Screws and Washers. 
The small miscellaneous meta l l ic  components were monitored f o r  contami- 
nat ion by immersing 25% of t h e i r  t o t a l  number i n  a wash so lu t ion  and 
p l a t ing  out a l iquots  of so lu t ion  as per the previously described tech- 
nique. Decontamination of subjec t  items was accomplished by immersion 
i n  90% isopropyl alcohol f o r  15 minutes. The items were then placed 
i n t o  a 1% peptone wash so lu t ion  and sonicated f o r  1 2  minutes a t  25 kc/ 
seconds. Samples of t he  so lu t ion  were then p l a t ed  ou t .  

Asepsis Covers and Tool Holders. The aseps is  covers f o r  the r e t r o -  
motor. booms and e n t i r e  spacecraf t  were wrapped indiv idua l ly  i n  Kraft  _.  

paper-and inser ted  i n  a p i a s t i c  container .  
an environment of 12% ethylene oxide and 88% Freon 1 2  a t  ambient tem- 
perature  of 7 2 ° F .  
fo r  a period of 22 hours.  

c r a f t  assembly and/or f i e l d  t e s t i n g  of the system were f i r s t  precleaned 
by wiping off  gross contamination with cot ton wipers.  Tools were then 
placed i n t o  a wire mesh basket and exposed t o  Freon TF;? vapor cleaning 
f o r  25 minutes. They were then placed i n  an u l t r a s o n i c  bath containing 
a 50% so lu t ion  of isopropyl alcohol (C3H70H) and sonicated fo r  25 min- 
u t e s  a t  25 kc/sec.  After removal from the so lu t ion  they were placed 
i n  an oven which w a s  preheated t o  55°C. They remained i n  t h i s  environ- 
ment f o r  25 minutes. A l l  t oo l s  were then packaged and sealed i n  s t e r i l e  
p l a s t i c  sheet  mater ia l .  These packs were again packaged so a s  t o  have 
too ls  double packed and sealed.  The outer  package was removed j u s t  
p r io r  t o  in j ec t ing  too ls  i n t o  the Goddard Down Flow Unit f o r  use i n  
spacecraf t  assembly. To prove or disprove the adequacy of the above 
decontamination procedures t e s t s  were conducted on metal p l a t e s  4 x 4 
square inches.  These squares were l e f t  unattended and handled by sev- 
e r a l  individuals  so as  t o  contaminate them a s  would be done i n  conduct- 
ing an operation with too ls  manufactured from l i k e  mater ia l s .  D i r t y  
samples were f i r s t  taken and assayed so a s  t o  determine the type and 
l e v e l s  of contamination p r i o r  t o  decontamination. Swab samples were 
a l s o  taken a f t e r  Freon Vapor Cleaning (FVC) and a f t e r  the exposure t o  
the 55°C h e a t  drying. 
e r s  and allowed t o  remain the re in  f o r  7 2  hours p r i o r  t o  f i n a l  biosam- 
p l ing .  The 7 2  hour period was se lec ted  t o  simulate the normal incu- 
ba t ion  period. 
a t i o n s .  Assays under aerobic conditions were performed t o  determine 
the reduct ion of micro-organisms t h a t  were achieved. The e n t i r e  pro- 
cess  was repeated with assays performed under anaerobic condi t ions.  
Table 1 depic ts  the r e s u l t s  of these t e s t s .  It i s  t o  be noted t h a t  
zero counts were obtained a f t e r  each s t ep  i n  the decontamination process.  

They were then subjected t o  

The items were exposed a t  a s l i g h t  pos i t i ve  pressure 

Clean Room Small Tools. Tools used i n  the c lean  room during space- 

The t e s t  samples were placed i n  p l a s t i c  contain- 

Test samples were handled a s e p t i c a l l y  during a l l  oper- 

Assembly Environment (Figure 8 ) .  It i s  f e l t  t h a t  the g r e a t e s t  
source o t  contamination t o  a spacecraf t  system w i l l  be from the tech- 
n ic ians  themselves and from the generation of debris  t h a t  occurs during 
the  spacecraf t  build-up, mechanical i n t eg ra t ion  and/or f i n a l  assembly, 
and checkout of f l i g h t  configurat ion i n  the f i e l d .  It was therefore  
determined t h a t  adequate clean-room f a c i l i t i e s  should be procured t h a t  
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Table 1 

Contaminated 

1 -  
I 
I 

Decontaminated 1 

I -  

t 
I 

t 

1. Steel 

2 .  Brass 

3. Aluminum 

4. Copper 

4 0 4 0 0 1  0 0 0 

139 0 27 0 0 0 0 0 

2 0 1.0 0 0 0 0 0 

0 0 0 0 0 0 0 0 

Condition I Aerobic 1 Anaerobic I Aerobic I Anaerobic I 

would allow under a sep t i c  conditions decontamination of spacecraf t  and 
i t s  components, biosampling of areas  for  assays,  mechanical in tegra t ion ,  
f i n a l  assembly and tests.  

debris  generating operations were performed on a component or the space- 
c r a f t  s t ruc ture .  
s t ruc tu re  the operations of f i l i n g ,  d r i l l i n g  or  scraping of metal were 
necessary a sh i e ld  was b u i l t  to  pro tec t  i t e m s  not worked upon from f a l l -  
ing meta l l ic  pa r t i c l e s .  
gather loose chips as  generated. The i n l e t  of vacuum cleaner was placed 
i n  the immediate area worked upon. The spacecraf t  o r  component was 
again vacuum cleaned before leaving t h i s  a rea .  

Hi-Bay Clean Room Complex (Figure 9 ) .  The Hi-bay clean-room com- 
plex consisted oi a c lass  conventional clean-room of approxi- 
mately 70 f e e t  s q u a r ~ ~ O ~ ~ o ~ e e t  high. Within t h i s  clean-room are. c l a s s  
100  portable Vert ical  Laminar Flaw Units which a re  expandable i n  multi-  
p les  of 4 x 8 un i t s  and Class 100 hor izonta l  flow benches. Thenvertical 
flow u n i t s  were used t o  house the spacecraf t  when not worked upon i n  the 
c l a s s  100,000 area.  The spacecraft  was precleaned each time before 
placing i t  under the down flow un i t s .  Cleaning consisted of wiping and 
vacuuming the surfaces.  The down flow un i t s  were a l s o  used t o  perform 
instrument in tegra t ion ,  decontamination and biosampling of components. 
The flaw benches were used when assembling de l ica te  mechanisms and the 
cleaning thereof a t  each stage of assembly. After the spacecraf t  was 
mechanically integrated it l e f t  the clean room area fo r  e l ec t ron ic  in-  
tegra t ion  and/or systems environmental tests. The spacecraf t  wzs pro- 
tec ted  a t  t h a t  time by a s t r ippable  coating which was applied only t o  
the ex te r io r  exposed surfaces .  

s a t e l l i t e s  are decontaminated. An unusual fea ture  of t h i s  room i s  a 
monitoring camera which photographs the satel l i te  and personnel every 
5 seconds. 'Itiis fea ture  was included t o  check on f au l ty  operations 
t h a t  may occur while i n  the bio-clean room. Horizontal ,  laminar-flow 
a i r  emanates from a 14-foot wall v i a  modules with Cambridge high e f f i -  
ciency pa r t i cu la t e  a i r  (HEPA) f i l t e r  u n i t s .  F i l t r a t i o n  tests confirmed 
a r a t i n g  fo r  t h i s  room between 0 and 66 p a r t i c l e s  of 0.5 micron or less 
per cubic foot  of a i r .  
with a 4 inch insu la t ion  of p l a s t i c  foam. Epoxy-coated s t e e l  forms the 
i n t e r i o r  surfaces .  A completely l i gh ted  c e i l i n g  gives a shadowless , 
200-foot candle i l luminat ion a t  working l e v e l s .  There a re  a minimum 
of 20 a i r  changes per hour a t  a temperature range of 67°F t o  77°F and 

Spacecraft Preparation Area. This was a control led area where the 

When it was required t o  custom f i t  a component t o  the 

In  addition a vacuum cleaner was employed t o  

Bio-Clean Room (Figure 101. Room D i s  a bio-clean room where 

Walls and ce i l i ng  a r e  of prefabricated panels 
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P A R T I C L E  C O U N T E R  F I L T E R  H O O D  \ M O N _ I T O R I N G  C A M E R A  / -4 P A S S  T U K i J  

O B S E  
W I  

R V A T  I 
NDOWS 

U I  I C L A S S  1 O . 0 0 0  I 
U 

8 1 0 - C L E A N  ROOM 
C L A S S  1 0 0  
1 5 '  x 20' 

( R O O M  D )  

A N  C L O T H E S  

I F I L T E R S  ( R O O M  A )  I 

Figure 10 .  Bio-clean room 

a r e l a t i v e  humidity l eve l  o f  40 t o  45 precent.  A constant temperature 
of 7 2 ° F  was maintained. A cen t r a l  b u i l t - i n  wall-type vacuum system i s  
provided i n  a l l  four rooms, along with observation windows t h a t  a r e  
double-paned and sealed.  Also included a re  pass-through chambers con- 
ta in ing  inter lock doors t o  assure maintenance of a pos i t ive  air -pressure 
when pa r t s  a re  brought i n t o  the room. 

was returned t o  the Mechanical Systems Branch fo r  disassembly, decon- 
tamination, biosampling and reassembly. These tasks  were conducted i n  
the confines of the bio-clean room complex. 

The spacecraft was f i r s t  precleaned with a vacuum and then wiped 
down with l i n t - f r e e  cotton wipers t ha t  had been immersed i n  isopropyl 
alcohol and wrung damp dry. The top cover was taken off  and a l l  the 
f l i g h t  e lec t ronic  modules and some instruments removed. The e l ec t ron ic  
c i r c u i t  modules and instruments were then t ransfer red  t o  the Class 
10,000 area of the clean room complex. Swab samples were taken and 
assays performed for  determination of contamination type and l e v e l s .  
These items were then decontaminated with isopropyl alcohol and cot ton 
wipers. The decontaminated c i r c u i t  modules and instruments were then 
passed asept ica l ly  i n t o  the Class 100 area of the complex. The micro- 
b io log i s t  then took swab samples of each i t e m  decontaminated. 

The spacecraft  (Figure 11) was placed upon a dolly t h a t  had pre- 
viously been decontaminated and then moved i n t o  the Class 100 area of 
the complex. The spacecraf t  on i t s  dol ly  remained approximately one 
foot  from the face of the a i r  i n l e t  f i l t e r  tank during f i n a l  assembly. 
Personnel remained downstream of the spacecraf t  a t  a l l  times. 

The area t h a t  modules and instruments occluded was then biosampled, 
decontaminated and biosampled. Sampling was accomplished by swab method 
and decontamination accomplished with isopropyl alcohol dampened cotton 
wipers. The modules were then in tegra ted  i n t o  the spacecraf t  s t ruc tu re .  
After the integrat ion was completed a l l  the exposed surface areas on the 

Upon returning from the systems environmental t e s t s  the spacecraf t  
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Figure 11. The spacecraf t  during f i n a l  assembly 

i n t e r i o r  of the spacec ra f t  were biosampled f o r  contamination type and 
l e v e l  , decontaminated with isopropyl a lcohol  and then biosampled and 
assays performed t o  determine the number of organisms remaining a f t e r  
decontamination. The in s ide  of the cover was t r e a t e d  i n  a l i k e  manner 
and then i n s t a l l e d  on the spacecraf t .  Biosampling and decontamination 
were achieved i n  the same manner a s  the exposed i n t e r i o r  a r e a s .  The 
e x t e r i o r  of the  top  cover was then cleaned and decontaminated, however, 
biosamples were not  taken a t  t h i s  time. The exposed sur face  a reas  of 
the spacec ra f t  were then coated with a s t r i p p a b l e  coa t ing .  The space- 
c r a f t  was then placed i n t o  a container t h a t  had previously been decon- 
taminated with isopropyl  alcohol and co t ton  wipers .  Spacecraf t  con- 
t a i n e r  was then f lushed with GN2 and pressur ized  t o  1 5  ps i a  with dry 
n i t rogen .  The spacec ra f t  was then shipped by a i r c r a f t  t o  the Kennedy 
Space Center f o r  f i e l d  tests and launch. 
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Asepsis Control During Conductance of F ie ld  Tests 
(Cape Kennedy) 

Sun-Spin Fac i l i t y .  After completion of preliminary operational 
checkout o t  spacecraft  the body of the spacecraf t  was covered with a 
clean asepsis  covering. The spacecraft  was placed i n t o  i t s  spec ia l  
container,  transported t o  the sun-spin f a c i l i t y  and then mounted upon 
the spin tab le .  The so lar  paddles were then a f f ixed  t o  t h e i r  supports. 
The asepsis  covering remained on the spacecraf t  during a l l  t e s t s  con- 
ducted i n  t h i s  area. 

After completion of the sun-spin t e s t s  the so l a r  paddles were r e -  
moved. Swab samples were then taken on the so l a r  paddles fo r  assays t o  
determine the biocontamination type and l eve l s  i n  the contaminated s t a t e .  

The spacecraft  was packaged and then transported t o  the a i r - lock  
of the AE clean room. 

Cape Kennedy Clean Room F a c i l i t y  (Figure 1 2 ) .  The Cape Kennedy 
Class 10,000 clean room, located i n  the AE b u i l d h g ,  was used t o  house 
the Goddard Class 100 laminar downflow un i t .  

The laminar downflow un i t  and the ex te r io r  of the spacecraf t  con- 
t a ine r  were f i r s t  decontaminated before moving them i n t o  the clean room. 

The Goddard Downflow Unit which housed the AIMP-D spacecraf t  during 
various t e s t s  and experiments was decontaminated and assembled i n  the 
a i r lock ,  Hi-bay clean room (Figure 9 ) .  The procedures employed include 
the following: decontaminating the spacecraf t  dol ly  which a l s o  involved 
removing the s t r i p  coating; preparation of ground support equipment 
(GSE) which en ta i led  removing connecting cables ,  a i r  i n l e t  f i l t e r s ,  a l l  
tape and paper u n i t s ,  and f i l l i n g  the voids i n  instrument racks with 
cover p l a t e s ,  and replacing a i r  i n l e t  f i l t e r s  with new f i l t e r  mater ia l ;  
and decontaminating e lec t ronic  equipment connection cables by passing 
them between two sponges tha t  were soaked i n  an alcohol so lu t ion .  
Mitocs, telephones, hand too l s ,  and lead pigs t h a t  contained radioact ive 
sources were t reated i n  the same manner. 

The spacecraft was removed from i t s  container and placed upon the 
previously decontaminated dol ly .  The dol ly  and spacecraf t  were then 
placed under the downflow un i t  and remained there during the f i e l d  
checkout t e s t s .  

Authorized persons who were conducting t e s t s  and experiments or 
working i n  any of the clean room areas  were subjected t o  the following 
p a r t i a l  l i s t  of regulat ions:  

0 Personnel with resp i ra tory  malfunctions, sk in  ailments,  colds,  
and severe sunburn were not permitted i n  clean room areas .  

0 Test f i x tu re s ,  t oo l s ,  j i g s  and assembly f ix tu re s  t h a t  were 
necessary to  perform spec i f i c  tasks  were permitted. 

0 N o  abrasives,  e.g. ,  f i l e ,  crocus c lo th ,  e t c . ,  and no shredding 
or  masking tapes.  

0 Exposed p a r t s  or components were never l e f t  on work benches. 
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I 

Approved clean room garments were worn i n  various clean room 
areas  as  previously mentioned. 

Smoking o r  ea t ing  was not permitted. 

Scratching of the head, eyebrows, and other exposed areas of the 
skin was forbidden. 

Only 5 persons were allowed i n  the Hi-bay clean room or  any of 
the other clean room areas a t  any one t i m e .  

No more than two persons w e r e  allowed under the GSFC Downflow 
U n i t  a t  the same t i m e .  

Hand tools  t h a t  w e r e  not i n  use were s tored i n  a decontaminating 
solut ion.  

The clean room regulat ions as s t a t ed  above were necessary t o  assure 
aseps is  handling of the AIMP spacecraft  during experiment check-out 
phases. 

t 
CLEANING 

XTION 

DOWN FLOW 

10 0 5 10 15 20 - 
GRAPHIC SCALE IN F E E 1  

UNIT 

P -- 
E -  

CG - 
S- 

E S  - 
L -  
0 -  

LEGEND: 

CLASS IOO-Lomilrar Flow 

CLASS 10,000-Lominor 

CLASS 10,000-Convenlionol 

EQUIPMENT, Dlreclion of Flow 

PERSONNEL, Olrection of Flow 

EMERGENCY EXIT 
CLEAN GARMENT CHANGE ROOM 
PERSONNEL AIR SHOWER 
EQUIPMENT AIR SHOWER 
AIR LOCK 
OBSERVATION WINDOW 

Figure 1 2 .  Spacecraft clean rooms, Building "AE" 

A i r  Sam l i n  . Trays of s t a in l e s s  s t e e l  s t r i p s  (1x2 inches) were 
posi t lone + on one s ide of the laminar crossflow, Class 10,000 clean 
room, upstream, downstream and midway of the clean room and one t r ay  
was placed i n  the Class 100 downflow un i t  bench high a t  working l eve l .  
S i x  s t r i p s  were recovered once a week from each loca t ion  and assayed 
f o r  aerobic and anaerobic vegetative and spora l i t i ve  viable  l i f e .  A i r  
samples were co l lec ted  on two occasions; p r io r  t o  introducing spacecraf t  
i n t o  downflow u n i t  and during f i e l d  checkout tes t ing .  Renier s l i t  
samplers with a one-hour clock w e r e  used. A i r  was drawn i n t o  the samples 
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Crossflow Room 
Center  

Crossflow Room 
Center  

a t  a r a t e  of 1 cubic foot per minute fo r  60 minutes. Glass p l a t e s  
(150x20 mm) containing 60 m l  of Tript icase Soy Agar were used a s  col-  
l e c t o r s  i n  the samplers. A i r  samples were placed approximately a t  
bench top l e v e l  (3  f e e t  from t h e  f loor )  i n  three d i f f e ren t  posit ions-- 
upstream, downstream and i n  the Goddard downflow u n i t .  

Table 2 l i s t s  the microbial contamination i n  the a i r  of the clean 
rooms which housed the AIMP-E f l i g h t  spacecraf t  during f i e l d  checkout 
t e s t s ,  as  well as the number of personnel i n  the room during sampling 
period. 

Table 2 

Microbial  Contamination i n  the A i r  of Laminar  
Flow Clean Rooms Over  a 7 Hour Pe r iod  

~ 

Viable Particles Per Cubic Foot Per Hour I 
Crossflow Room 

Downstream 
Hour 

Date: 6/9/67 Date: 6/9/67 Date: 6/9/67 I 
Count 

Part. /ft 
coun t  

Part. /ft 
coun t  

'art. /ft 

0 
0 
0 
0 
0 

0.016 
0.083 

Personnel Personnel 

0-1 
0-2 
0-1 
0-1 
0-3 
0-2 
0-2 

Personnel 

0 
0-2 
0-1 
0-2 
0-1 
0-1 
0-1 

0 
0-2 
0- 1 
0-2 
0-1 
0-1 
0-1 

0 
0 . 0 3 3  

0 
0.016 

0 
0 
0 

0 
0.050 
0 . 0 3 3  

0 
0 
0 
0 

Average 
Viable 

Particle/ft 
0.007 0.0119 0.0141 

Microbial  Contamination in  the A i r  of Laminar  
Flow Clean Rooms Over  a 4 Hour Pe r iod  

Viable Particles Per Cubit Foot Per Hour 

Crossflow 
Downstr eam 

Hour 

I I I 

Personnel  

0.166 
0 . 0 3 3  

0 
0.016 

0-2 
1 

0-3 
0-2 

0 . 0 5 0  
0.050 
0.016 

0 . 0 3 3 0  

0 . 0 3 3  
0 . 0 3 3  

0.0220 
Average 
Viable 

Particle/ft 
0.0537 

I 
*Not Countable 
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Table 3 l i s t s  the microbial f a l l o u t  on the s t a i n l e s s  steel  s t r i p s  
over a 4-week period. 

~~ 

W 

2 
w $ 

Table 3 
Microbial Fallout on Stainless Steel Strips 

~ 

Crossflow Room 

Upstream Center Downstream 
Downflow Room 

Vegetative Vegetative 
Organisms spores Organisms Organisms spores Organisms Spores Vegetative Spores Vegetative 

~ ~~ 

Viable Organisms Per Square Foot 

0 

After completion of the e lec t ronic  and instrument checkouts the 
spacecraf t  was removed from the Goddard laminar downflow un i t  and 
placed i n t o  i t s  container while i n  the AE Class 10,000 clean room. The 
container had previously been decontaminated with alcohol and cot ton 
wipers. 

i n t e r t aces  were swabbed sampled f o r  assays t o  determine contaminated 
s t a t e .  They w e r e  then decontaminated and swabbed sampled f o r  assays 
t o  determine the bioburden remaining a f t e r  decontamination process. 
The thermal blanket t h a t  had previously been s t e r i l i z e d  was then placed 
over the fourth stage retromotor. The t h i r d  s tage and spacecraf t  i n t e r -  
faces  were t r ea t ed  i n  a l i k e  manner a s  the fourth stage in te r faces .  
The so la r  paddles w e r e  then attached t o  the body of the spacecraf t .  The 
t h i r d  and fourth stage vehicles and the spacecraf t  i n  i t s  f l i g h t  con- 
f igu ra t ion  w e r e  dynamically and s t a t i c a l l y  balanced a s  a un i t .  After 
the balance t e s t s  t he  paddles w e r e  removed and t ransported back t o  the 
AE c lean room fo r  f i n a l  decontamination and bioassays.  

Spin Balance Fac i l i t y .  The spacecraf t  four th  stage and retromotor 

An asepsis  cover, previously s t e r i l i z e d  with ethylene oxide com- 
pound, was placed over the en t i r e  spacecraf t .  The e n t i r e  u n i t  was then 
placed i n  a previously decontaminated t r ans fe r  container.  'Ihe container 
was sealed and was then pressurized with a s l i g h t  pos i t ive  pressure of 
gaseous dry nitrogen. The canned u n i t  was then transported t o  the gan- 
t r y  and af f ixed  t o  the second stage vehicle .  

Gantry Op era t ions .  The t r ans fe r  container w a s  removed and the 
aseps is  bag was allowed t o  remain i n t a c t  over the spacecraf t  u n t i l  the 
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air  cooling hat-shroud was placed i n  operat ion.  The cooling h a t  shroud 
was f i r s t  LOX compatible cleaned and decontaminated with isopropyl a l -  
cohol before assembly on the gantry.  Ver i f ica t ion  t h a t  the f i l t e r e d  
a i r  supplied t o  the cooling h a t  shroud was Class 100 was authent icated 
by chemical engineers from PanAm using a Royco p a r t i c l e  counter .  Three 
t e s t s  were run .  One t e s t  f o r  one minute and two runs of 1 0  minutes 
each. The f i l t e r e d  a i r  entered from the top of the cooling shroud. It 
was temperature control led and passed through a d i f fuse r  designed t o  
ass imi la te  a v e r t i c a l  laminar flow of a i r  over the spacecraf t .  The 
s ides  of the cooling h a t  shroud were r o l l e d  up t o  permit mating of the 
nose cone f a i r i n g  which w a s  f i t t e d  t o  the Delta veh ic l e .  During t h i s  
operat ion the asepsis  cover remained on the spacecraf t  t o  p ro tec t  it 
from f a l l - o u t  of p a r t i c u l a t e  mat te r .  
a i r  was continued. The s ides  of the shroud were l e t  down a f t e r  the 
f i t t i n g .  

l i v e r y  t o  gantry and/or assembly on veh ic l e .  

placed i n t o  containers t h a t  were previously decontaminated with i so -  
propyl a lcohol .  Pr ior  t o  launch the aseps is  covers were removed and 
a l l  the protect ive s t r ippable  coatings were removed. All exposed sur -  
faces were then swab sampled fo r  bioassays i n  contaminated s t a t e .  

The thermal coatings were decontaminated with t r i p l e - d i s t i l l e d  
acetone, spectranalyzed grade. However, a l l  stubborn deposi ts  were 
f i r s t  removed with a 10% a c e t i c  ac id  so lu t ion  and 100% e t h y l  a lcohol .  
A l l  o ther  surfaces were decontaminated with a 90% so lu t ion  of isopropyl 
a lcohol .  P r io r  t o  i n s t a l l a t i o n  of the so l a r  paddles,  a l l  mating sur -  
faces were decontaminated with isopropyl alcohol p r io r  t o  occlusion. 
Tie-down cords were then a f f ixed .  

During t h i s  operat ion the flow of 

The nose cone f a i r i n g  was decontaminated and packaged p r i o r  t o  de- 

The so la r  paddles were decontaminated i n  the Goddard downflow u n i t ,  

All representa t ive  a reas  were b io log ica l ly  sampled so t h a t  assays 

The asepsis  cover w a s  replaced on the spacecraf t .  Nose cone f a i r -  

One-half of the nose cone f a i r i n g  t h a t  was previously decontami- 

could be performed to  determine burden a t  time of launch. 

ing aseps is  covering was then removed. 

nated was mated t o  the vehic le .  The f i l t e r e d  conditioned a i r  umbilical 
was connected t o  t h i s  sec t ion  of nose cone f a i r i n g .  The spacecraf t  
aseps is  cover was removed j u s t  p r io r  t o  mating the other  h a l f  of the 
nose cone f a i r ing .  

temperature conditioned a i r  u n t i l  separat ion of umbilical  a t  time of 
l i f t - o f f .  

The spacecraf t  w a s  constant ly  bathed with Class 100 f i l t e r e d  and 

Results 

O n  the bas i s  of the Goddard Bio-Records (see Table 4 ) ,  it was de- 
termined t h a t  the surfaces  of the AIMP-E spacecraf t  contained not  i n  
excess of 9 x 105 micro-organisms p r i o r  t o  decontamination, and not  i n  
excess of 2.7 x 104 micro-organisms a f t e r  the  decontamination process.  
This cons t i tu ted  a 97% reduct ion of organisms. 
i n t e r n a l  burden of components (see Table 5) was based upon pas t  h i s t o r y  
and known manufacturing environments. It was determined t h a t ,  of the 
t o t a l  v i ab le  l i f e  remaining i n  the components, (see Table 7)  10% would 

The est imat ion of v iab le  
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Table 4 

I Area Class 

Compilation of Counts of Viable Organisms 
on Surfaces 

Contaminated 
Total 
Area 
( in2)  

8759 

Aerobic Anaerobic Aerobic 

Spores 
- 
Veg. Veg . 

- 

26858 

Veg. 

212899 

Spores 

62232 

Spores 

25547 

spores Veg. 

3251 4099 

0 3450 

2030 192 

178 0 

502 38 

420 281 

6381 8060 

2 . i  x i o 4  

Occluded "A": 
Electronic Modules 

Occluded 'B'': 
Surfaces that 
Module Frames 
Occlude 

5937 

4033 0 72 1138 

5813 

5914 

9923 

0 

85 

40206 

1750 

Occluded "C": 
Exterior of 
Module Frames 

56300 4489 20 

~ 

79 

Occluded 'IC ": 
Other Interior Exposed 
Surfaces of the Space- 
craft that the Cover 
Occludes 

5195 898 

___ 

8747 

20001 

63174 

228329 

17467 

65 17 

Interior Surfaces trD't: 
Other Interior 
Surfaces of the 
Spacecraft 
-1 Body 
-2 Motor 
-3 Assembly Occluded 

Exterior Surfaces 'IE": 
Exterior Surfaces of 
the Spacecraft 

-2 Motor 
-3 Assembly Occluded 

-1 Body 

Final Totals of 
Contamination of the 
AIMP-E Spacecraft 

GRAND TOTALS 

8490 1985 

19321 4344 3671 71437 

Total 
700.2 
sq.ft. 

80818 

-71523 71661 11764 

- 

584736 71932 

9 i o 5  
1 

265 1 



Table 5 

Components 

Resistors 

Capacitors 

Diodes 

Transistors 

Relays 

Crystals 

Accumulative 
Estimated Number of TOM x i o 3  

Range Components 
Low High 

0-1 11612 0 11.6 

10-100 3153 31.5 326.9 

0-1 4005 31.5 330.9 

0-1 3164 31.5 334.1 

100-1000 15 33.0 349.1 

0- 1 1 33.0 349.1 

Thermistors 

Estimated Total - 
Internal Burden 

I I 

0 35 i i 
47.8 390.4 



. .  

Type Load 

Internal Burden 

Surfaces 

Total Load 

a 

Contamination Level 

2.2 x l o 5  

2.7  104 

2.5 i o 5  

I 
I -  

Area 

Surfaces 

3h 
be spore forms. 
and the remainder anaerobic. 

Of t h i s  10% approximately two-thirds would be aerobic 

Aerobic Anaerobic Totals 

1.3 x 104 1.9 x 103 1.5 x 104 

A s  a r e s u l t  o f  the overa l l  evaluat ion (see Table 6 ) ,  i t  was deter-  
mined t h a t  a t  time of launch the AIMP-E spacecraf t  contained not  i n  
excess of 2.5 x 105 organisms. 
i s m s  w e r e  contained in s ide  the  components and foam encapsulant, and 
2.7 x 104 organisms on the  surfaces ,  7.4 x l o 3  of these w e r e  spores. 

The AIMP-E spacecraf t  achieved a successful  o r b i t  with a l i f e  ex- 
pectancy of th ree  years and w i l l  have 1440 cycles temperature change 
between -45°C and +5OoC i n  an ul t ra-high vacuum. Under t h i s  environ- 
ment the spore population on the exposed surfaces  of the spacecraf t  
should be reduced t o  1.89 x 10-9 a t  t i m e  o f  lunar  impact, and a l l  vege- 
t a t i v e  l i f e  assumed no longer t o  e x i s t ,  only the  components i n t e r n a l  
spore burden (2.2 x 104) would remain. 

c e r t i f i c a t i o n  of the AIMP-E spacecraf t  based upon the  evaluat ion of 
records maintained a t  the Goddard Space F l igh t  Center, v i sua l  observa- 
t ions  o f  cont ro l  procedures, and assessment of  the  microbial  environment 
of the  spacecraf t  while i n  residence a t  the Eastern T e s t  Range. 

O f  these an estimated 2.2 x l o 5  organ- 

The Planetary Quarantine Off icer ,  NASA Headquarters, recommended 

Grand Totals 

Table 6 

2.8 x 104 9.2 x 103 3.7 x 104 

Table 7 

I Internal Burden I 1 . 5 ~ 1 0 ~  I 7 . 3 ~  l o 3  I 2 . 2 ~  l o 4  1 

a Remaining at 
Lunar Impact 

1.89 x 10-9 2.2 x 104 
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2 .  ASSAY TECHNIQUES FOR PLANETARY QUARANTINE 

M. S .  FAVERO 
U. S.  Public Health Service 

Phoenix , Arizona 

We w i l l  give a b r i e f  rundown on the research a c t i v i t i e s  a t  the 
National Communicable Disease Center of the Public Health Service , 
Phoenix, and also describe some of the a c t i v i t i e s  a t  our assay labora- 
tory a t  Cape Kennedy. There i s  a standard method which i s  described i n  
a NASA publication e n t i t l e d  Standard Methods f o r  the Microbiological 
Examination of Space Hardware, and t h i s  was undoubtedly the protocol 
t h a t  Mr. LeDoux was using. 

We a r e  usually ta lking about two programs. One i s  the Lunar pro- 
gram, fo r  which a s t e r i l i t y  requirement i s  not present.  However, there  
i s  a clean requirement fo r  a maximum number of organisms above which 
the contamination leve l  cannot exceed. The other  i s  the Voyager program, 
fo r  which the space hardware must be s t e r i l e .  I n  the Voyager program, 
we must c e r t i f y  s t e r i l i t y  without ac tua l ly  doing a s t e r i l i t y  t e s t  i n  
cont ras t  t o  other f i e l d s ,  such as  the pharmaceutical industry and hos- 
p i t a l s ,  where, when one wants t o  prove s t e r i l i t y ,  one can t e s t  a c e r t a i n  
number of items of a pa r t i cu la r  product. We cannot t e s t  because our 
t e s t s  a r e  to  destruction, and we cannot t e s t  the f i n a l  spacecraf t .  So 
the primary ra t iona le  i s  t o  use assay techniques which w i l l  give some 
f a i r l y  good estimation of the microbial load on the spacecraf t .  Once 
w e  know t h i s ,  a pa r t i cu la r  heat cycle w i l l  be used. The more organisms 
t h a t  a r e  present a t  a given temperature, the longer the heat treatment 
must be. 

There a r e  two general categories of assays.  One concerns the space- 
c r a f t ,  the other,  the intramural environment o r  the areas i n  which the 
spacecraf t  i s  assembled. For the intramural environment, we have been 
using Renier s l i t  a i r  samplers. There have been recent  questions as t o  
the ac tua l  value of doing a i r  sampling, s ince i t  does not t e l l  too much 
about the contamination load on the spacecraf t .  But a i r  sampling does 
give a good idea of the t y p e  of environmental control  t h a t  is  used. 

the spacecraf t ,  a s  well  as using the co l l ec t ing  surfaces i n  the environ- 
ment. The idea i s  ' to simulate the surface of the spacecraf t  t o  deter-  
mine how many micro-organisms accumulate there .  M r .  LeDoux, i n  h i s  pro- 
tocol ,  showed tha t  we do use u l t r a son ic  energy f o r  two reasons. 
i t  e f f i c i e n t l y  removes microbial contaminants from a surface,  especial ly  
under worst case conditions. The surviving micro-organisms on a surface 
t h a t  has been t reated with alcohol or  with heat w i l l  s t i c k  tenaciously t o  
the surface,  and manual shaking o r  mechanical a g i t a t i o n  w i l l  not r e m 0  e 
them. However, u l t rasonic  energy (25 kc/sec,  300 wat t s ,  2.5 wa t t s / i n  
of bottom tank surface area)  removes these organisms. Second, u l t r a -  
sonic energy tends t o  break up clumps of micro-organisms. I n  any 

Most of the emphasis these days i s  placed on d i r e c t  sampling of 

F i r s t ,  

Y 
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enumeration system i n  microbiology, w e  a r e  always plagued with these 
clumps. They a r e  l i k e  a bunch of grapes. I f  the bunch of grapes i s  
not broken up, the bunch forms one colony. This i s  what w e  count-- 
colonies of organisms. However, i f  one colony i s  broken up, i t  might 
form a thousand colonies. So, i f  the assay system does not discriminate 
and i s  not consis tent ,  the subsequent r e s u l t s  a r e  not consis tent  nor 
very precise.  Ultrasonic energy breaks up micro-organisms i n t o  hope- 
f u l l y  t h e i r  smallest  colony forming u n i t  s i ze .  

A method t h a t  i s  currently being evaluated and tha t  was o r ig ina l ly  
developed by Sandia Corporation, Albuquerque, and one tha t  w i l l  be d i s -  
cussed by M r .  Morris i s  the vacuum probe. This instrument has a poten- 
t i a l  of allowing us t o  sample a grea te r  area of the spacecraf t .  A s  M r .  
LeDoux pointed out ,  we can e i the r  use detachable s t r i p s  t h a t  a r e  placed 
on the spacecraft  or a swab, but with a l l  of these we a re  only sampling 
a small par t  of the spacecraf t .  

Another problem tha t  w i l l  have t o  be contended with i n  the Voyager 
program i s  the recovery of micro-organisms from s o l i d  mater ia l s .  This 
problem i s  probably unique t o  planetary quarantine because i n  other 
f i e l d s  of microbiology, we are  not concerned with organisms within s o l i d  
mater ia l s ,  such a s  t r ans i s to r s ,  capaci tors ,  and p l a s t i c s .  The philoso- 
phy i s  t o  reduce the p a r t i c l e  s i ze  of the s o l i d  t o  a s i ze  small enough 
t o  insure the re lease  of the entrapped organisms, but t o  do i t  i n  such 
a manner tha t  the organisms are not k i l l e d  i n  the process. This i s  
probably the area t h a t  needs the most amount of work because there has 
been very l i t t l e  headway i n  the research done i n  the pas t  3-4 years .  
We use a Pico-Blender mi l l ;  although i t s  accuracy i s  not the b e s t ,  it 
i s  r e l a t i v e l y  precise. It does k i l l  a c e r t a i n  number of organisms, but  
i t  usual ly  k i l l s  about the same number each t i m e ,  depending on the mate- 
r i a l .  We have developed a model system t h a t  w i l l  be described l a t e r  by 
M r .  Peterson, who w i l l  discuss the probabi l i ty  of re lease  of micro- 
organisms from so l id s  during crushable impact. 

past  few years i s  contamination l eve l s  i n  clean rooms. A bioclean room 
i s  now being used as  a clean room. However, 3-4 years ago, we were 
s t i l l  ta lking about conventional clean rooms, about showers, and about 
surg ica l  garments. After several  groups throughout the United S ta t e s  
did a s e r i e s  of comparative t e s t s ,  we found t h a t  a Class 100 clean room 
i s  bes t  fo r  cont ro l l ing  airborne contamination. W e  have a l s o  compared 
contamination l eve l s  i n  hospi ta l  operating rooms by using the same 
techniques as those i n  a spacecraft  assembly a rea .  We found i n  hosp i t a l  
operating rooms the highest  levels  of contamination t h a t  we have ever 
found, higher than i n  fac tory  areas ,  both on surfaces and within the 
a i r .  Whereas a few years ago many microbiologists were saying, "Let ' s  
t r e a t  the spacecraf t  as a pa t ien t  i s  i n  surgery," they now say, " L e t ' s  
t r e a t  the pa t i en t  as  we do the spacecraft ."  

tance of micro-organisms. This work i s  being done primarily a t  the 
Public Health Service laboratory i n  Cincinnati  and a t  Michigan Sta te  
University. Before NASA's par t ic ipa t ion ,  most of the information on 
hea t  res i s tance  was relegated t o  moist h e a t ,  such as  i n  the canning 
indus t r i e s ,  and not too much k ine t ic  information was known about dry 
hea t .  We have learned tha t  the water a c t i v i t y  or r e l a t i v e  humidity i s  
extremely important. One canhave an RH of 10 percent versus 80 per- 
cent .  A r e  both of these dry heat?  It i s  s t i l l  an open question, bu t  
w e  now know t h a t  the old concept of "the d r i e r  the hea t ,  the more r e -  
s i s t a n t  the spores" i s  not t rue.  RH i n  the range of 35-45% i s  optimum 
f o r  res i s tance .  Anything dr ier  than t h a t  the organisms become more 
sens i t i ve .  

Another area of research inwhich  we have been involved f o r  the 

S t i l l  another area of research i s  determining the dry hea t  r e s i s -  
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This par t icu lar  research i s  important because it  i s  on these r e -  

However, when one 
s u l t s  t ha t  the f i n a l  s t e r i l i z a t i o n  cycle w i l l  be based. The cycle tha t  
i s  most ta lked about today i s  125°C f o r  24% hours.  
hea ts  a spacecraft  i n  an oven t o  t h a t  temperature, i t  i s  going t o  be 
done slowly. On the way t o  t h i s  temperature, organisms are  a l s o  dying, 
and as  it cools down, more organisms are  dying. Consequently, the con- 
cept of t o t a l  f a t a l i t y  w i l l  be integrated i n t o  the s t e r i l i z a t i o n  cycle .  

The s t e r i l i t y  control  laboratory a t  Cape Kennedy was opened i n  
April 1966, and our primary mission there i s  t o  do the f i e l d  work of the 
research group i n  Phoenix. 
spacecraft  unmanned program, although recent ly  w e  have become involved 
with the Apollo program. 
AIMP's. 
spacecraf t  i n  terms of bac t e r i a l  spores and not of t o t a l  micro-organisms; 

A t  present ,  we a r e  concerned with the Lunar 

We work very c lose ly  with M r .  LeDoux on the 
We have come up with these values of microbial loading on Lunar 

Surveyor 2 - 3.3 x 105 spores 

Surveyor 4 - 2 x 105 spores 

Lunar Orbiter 2 - 1 x 10  spores 

Lunar Orbiter 7 - 1 x 1 0  spores 

7 

7 

So when one reaches the values above without any s t e r i l i z a t i o n  processes, 
but with j u s t  decontamination, t ha t  i s  very good. 

maintain the microbial load a t  extremely low l eve l s  so tha t  we do not 
have t o  hea t  the vehicle  too long. To do t h i s ,  not only does one have 
t o  decontaminate per iodica l ly  with things such a s  isopropyl alcohol,  
ethylene oxide, and short  hea t  soaks, but a l s o  one must employ a c lean 
environment and use it  constantly.  
room t o  a refuel ing area t h a t  has the same number of micro-organisms as  
a barnyard. I f  one i s  going t o  use Class 100 conditions,  they must be 
Class 100 a l l  the  way. 

Ihe primary philosophy t o  be followed on the Voyager program i s  t o  

One cannot go from a Class 100  c lean 



3 .  THE VACUUM PROBE FOR REMOVING ORGANISMS 
FOR COUNTING 

M. E. MORRIS 
Sandia Corporation 

Albuquerque, New Mexico 

Introduction 

Space vehicles  landing on planets  designated as  b io logica l  pre- 
serves must be s t e r i l i z o d .  To obtain the probabi l i ty  of s t e r i l i t y  ex- 
h i b i t e d  i n  the Sherry-Trauth mathematical model without harming any 
p a r t  of the space veh ic l e ' s  hardware, an optimum hea t  cycle f o r  s te r i l -  
i z a t i o n  must be designed. The major parameter associated with the de- 
s ign  of t h i s  cycle i s  the number of micro-organisms present on the 
hardware surfaces before terminal s t e r i l i z a t i o n .  

There a re  two approaches which may be taken t o  obtain the micro- 
b i a l  burden. The f i r s t  of these,  which i s  the most d i f f i c u l t  t o  per- 
form, i s  t o  assay the surfaces d i r e c t l y .  The second approach i s  t o  
develop a physical  model (a set of surfaces with defined charac te r i s -  
t i c s )  bes t  su i ted  f o r  the col lect ion of micro-organisms. This physical 
model could be s i t ua t ed  so tha t  the microbial contamination of the model 
per u n i t  area would always exceed t h a t  of the ac tua l  spacecraf t .  The 
r e s u l t s  from the assay of the physical model could be used t o  e s t ab l i sh  
an upper bound on the number of microbes on the space hardware. regard- 
l e s s  of the technique chosen, some means must be ava i lab le  fo r  an accu- 
r a t e  and r e l i a b l e  assay of large surface areas  with small microbial 
loading dens i t ies .  

microbiologists since the ear ly  p a r t  of t h i s  century. During t h i s  
period, four bas ic  methods have evolved: the agar overlay method, the 
agar contact method, the swab-rinse method, and the r in se  method. Each 
method has  individual disadvantages i n  addi t ion t o  a common disadvan- 
tage of not being designed f o r  use i n  s i t ua t ions  involving small numbers 
of microbes on la rge  surfaces .  The agar overlay method and the agar 
contact method (Rodac p l a t e  method) have been shown t o  deposit res idua l  
nu t r i en t  mater ia ls  on the surface being assayed. U s e  of the  swab-rinse 
method and the r i n s e  method i s  l imi ted  t o  surfaces which a re  not mois- 
t u re  sens i t i ve .  The r i n s e  method may a l s o  leach toxic  substances, pro- 
ducing bac te r ios t a t i c  or bacter iocidal  conditions i n  the cu l ture  medium. 

The s e t t l i n g  s t r i p  method i s  ava i lab le  f o r  estimating the viable  
contamination on surfaces .  With t h i s  method s t e r i l e  s t a i n l e s s  steel  
s t r i p s  or  s t r i p s  of other materials a re  placed i n  the same environment 
a s  the space hardware, and a f t e r  a determined period of environmental 
exposure, the s t r i p s  are assayed f o r  microbial contamination. The c r i t -  
i c i s m s  of t h i s  method a re  t h a t  it i s  ind i r ec t  and t h a t  i t  has poor reso- 
l u t i o n  when the amount of microbial contamination i s  small. 

The recovery of micro-organisms from surfaces has  been s tudied by 
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Since no method was ava i l ab le  which would accura te ly  assay s m a l l  
numbers of micro-organisms on l a rge  tes t  surfaces  i n  u l t r a -c l ean  en- 
vironments, a development p ro jec t  was s t a r t e d  t o  provide an instrument 
with the  desired c a p a b i l i t i e s .  The device developed i s  based on the 
pr inc ip les  of gas dynamics and has been named the vacuum probe. 

Description of Apparatus and Experimentation 

An assembled view of the vacuum probe i s  shown i n  Fig. 1; a d i s -  
assembled view, in  Fig. 2. The u n i t  cons is t s  of (1) a spec ia l  t e f lon  
probe t i p ,  a s  shown i n  Fig.  3,  (2) a cone designed t o  give an even ex- 
pansion of a i r ,  (3) a base cap from a Gelman 2-inch s t a i n l e s s  s t e e l  
f i l t e r  holder ,  along with copper mesh f i l t e r -backing  pad, and a c i rcu-  
l a r  f i l t e r  r e t a ine r  r ing ;  ( 4 )  membrane f i l t e r s  of 0.45 micron pore s i z e ;  
and (5) a Nester glassware clamp at tached t o  a handle f o r  holding the  
probe. 

The assembled vacuum probe (Fig. 1) i s  a t tached  t o  a vacuum pump 
with a hose a t  the a i r  connection on the base cap. When the  probe i s  
placed perpendicular t o  a surface and i n  contact  with i t  (Fig. 4 ) ,  an 
o r i f i c e  i s  created,  as  shown i n  Pa r t  C of Fig. 3. I f  the flow r a t e  i s  
approximately 2 cfm, the a i r  a t  the o r i f i c e  i s  a t  a c r i t i c a l  flow veloc- 
i t y .  When the a i r  i s  a t  the c r i t i c a l  flow ve loc i ty ,  the probe e f f i -  
c i e n t l y  removes p a r t i c l e s  down t o  1 micron diameter. 

The bac ter ia  o r  other  micron-sized p a r t i c l e s  which l i e  on a smooth 
surface a r e  d i f f i c u l t  t o  remove because of the r e l a t i v e l y  strong adhe- 
s ive  forces  and because of the d i f f i c u l t y  i n  d is turb ing  the boundary 
layer  of a i r  near the surface.  The p a r t i c l e s  l i e  wel l  within the lower 
regions of t h i s  boundary l aye r .  The a i r  en te r ing  the probe t i p  d i s tu rbs  
t h i s  boundary layer  of a i r  and r a i s e s  the bac te r i a  i n t o  the moving a i r -  
stream. Once caught by the moving a i r ,  the b a c t e r i a  are  ca r r i ed  on 
through the probe and may be t r ea t ed  a s  any o ther  a i rborne p a r t i c l e .  

A t  t h i s  point ,  a descr ip t ion  of the procedure used t o  evaluate  the 
probe w i l l  be given. The t e s t  surfaces  were inoculated with an essen- 
t i a l l y  reproducible number of micro-organisms. One-half of the t e s t  
surface was vacuumed with the probe (Fig. 4 )  , and the other  ha l f  of the 
tes t  surface was used as a control  f o r  the experiment. The t e s t  surface 
w a s  over la id  with agar and allowed t o  cool f o r  60 minutes. The agar- 
p l a t ed  t e s t  surface was covered with s t e r i l e  saran wrap (Fig. 5 ) ,  i n -  
ver ted ,  and incubated a t  32°C f o r  7 2  hours (Fig. 6 ) .  The colonies 
counted allowed a percentage removal t o  be ca lcu la ted .  The f i l t e r  from 
the vacuum probe was removed, placed on a l aye r  of agar i n  a P e t r i  d i sh ,  
and over la id  with more agar .  After cooling, the d ish  was inver ted  and 
incubated a t  32°C f o r  7 2  hours (Fig. 7 ) .  This da t a ,  along with the num- 
ber of colonies  on both halves of the t e s t  sur face ,  allowed a percentage 
assay t o  be calculated.  

with dimensions up t o  11" x 16" and r a i s e d  edges up t o  1 / 2 "  i n  he ight .  
I n  addi t ion ,  12" x 16" s t a i n l e s s  s t e e l  p l a t e s  without r a i s e d  edges and 
9" x 14" g l a s s  pans and 11" x 16" teflon-coated pans with r a i sed  edges 
were used. 

?he spec i f ic  t e s t  surfaces  used were f l a t  bottomed aluminum pens 

Several addi t ional  experiments were performed t o  insure  t h a t  the 
planned procedure was r e l i a b l e .  P e t r i  dishes were placed alongside the 
pans while the pans were being inoculated.  When the dishes  were over- 
l a i d  with agar ,  incubated, and counted, they showed t h a t  the t e s t  sur-  
faces  used caused no bac ter ioc ida l  or  b a c t e r i o s t a t i c  e f f e c t s .  The p l a t e s  
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B A S E  C A P  

C O N I C A L  S E C T I O N  

Jf 
a 

- R I N G  CLAMP ASSEMBLY 

+-- HANDLE 

SCALE: 1/2" = 1" 

F i g u r e  1. F i l t e r  p robe  a s s e m b l y  
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Figure 2 .  Disassembled and assembled models of the 
present  f i l t e r  probe 

.37 5" I Figure 3. 
Vacuuq probe schematic 
drawing 
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Figure 4 .  
In-use demonstration 
of f i l t e r  probe 

Figure 5 .  Covered test sur face  prepared f o r  incubat ion 
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Figure 7 .  
Viable p a r t i c l e  
recovery on mem- 
brane f i l t e r  

I 

Figure 6 .  Appearance of vacuumed t e s t  
sur face  and con t ro l  



a l s o  showed tha t  the techniques used t o  disseminate the organisms pro- 
duced a uniform loading over the t e s t  a rea .  For the determination 
whether overlaying with agar disturbed or moved the p a r t i c l e s  on t e s t  
surfaces ,  the sampled ha l f  of each pan used was f i r s t  crosshatched with 
molten agar by using a Cornwall syringe (Figs. 8-9). After t h i s  agar 
s o l i d i f i e d ,  the e n t i r e  pan was overlaid with more agar.  The crosshatch- 
ing prevented the poss ib i l i t y  of washing v iab le  p a r t i c l e s  from the Sam- 
pled ha l f  t o  the control  half  and vice versa.  
organisms w e r e  moved by overlaying with agar.  

ganisms used fo r  the experiment. F i r s t ,  dry spores of Baci l lus  sub t i lu s  
var  niger w e r e  disseminated by u l t rasonic  energy, a technique devised 
by V. Dugan. The assembled apparatus i s  shown i n  Fig. 10 and some of 
the disassembled par t s  a re  shown i n  Fig. 11. The r e s u l t s  a r e  summarized 
i n  Table 1. Second, spores of Baci l lus  sub t i lu s  var n i  e r  suspended i n  
ethanol were aerosolized i n  a DeVilbiss No. 40 nebuli&rFig. 12) . 

Essent ia l ly  no micro- 

Four d i f f e ren t  techniques were used t o  disseminate the v iab le  or-  

Figure 8. Cross-hatching t e s t  surface with Cornwall syringe 
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Figure 1 0 .  Experimental t e s t  chamber 
and t e s t  sur faces  
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Figure 9 .  Appearance of cross-hatched 
t e s t  surf  ace 
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Figure 11. Sonic disseminator f o r  ae roso l i za t ion  
of dry b a c t e r i a l  spores 

TABLE 1 

Resul ts  of Vacuming a Tes t  Surface Contaninated 
With Dried Bac te r i a l  Spores 

(Baci l lus  s u b t i l i s  v a r .  n ige r )  

Test  T e s t  Colonies on Colonies on 
Probe Surf ace Surf ace Control Vacuumed Per cent  age 
Used Area Type Surf ace Surf ace Removal 

S t a i n l e s s  1936cm2 A l u m .  1687 0 100% 

S t a i n l e s s  1152cm2 A l u m .  9 27 33 96% 

S t a i n l  e s s 968cm2 Teflon 9 37 38 96% 

S t a i n l e s s  1152cm2 A l u m .  6944 97 99% 

Teflon 576cm2 A l u m .  41 3 27 9 3% 

Teflon 576cm2 A l u m .  421 44 90% 

Teflon 576cm2 A l u m .  27 6 20 9 3% 

Teflon 576cm2 A l u m .  447 2 1  95% 
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The r e s u l t s  a f t e r  using the vacuum probe a r e  shown i n  Tables 2 and 3 .  
T h i r d ,  garden s o i l  spores were disseminated by pouring garden s o i l  from 
one piece of paper t o  another f i v e  t o  s i x  f e e t  above the  t e s t  sur faces  
(Fig.  1 3 ) .  The r e s u l t s  from vacuuming with the probe a r e  given i n  
Table 4 .  With the four th  technique, human s k i n  f l a k e s  were disseminated 
by having a volunteer  rub h i s  forearms three  t o  four  f e e t  above the t e s t  
sur faces  (Fig.  1 4 ) .  The r e s u l t s  a r e  given i n  Tables 5 and 6 .  

removal percentage,  t h e  volume flow r a t e  must have reached a c r i t i c a l  
l e v e l .  The condi t ion,  c a l l e d  a c r i t i c a l  flow r a t e ,  i s  the po in t  a t  
which the ve loc i ty  of a i r  flow through an o r i f i c e  ceases  t o  increase  
with decreases  i n  the pressure  downstream from the  o r i f i c e ,  given a con- 
s t a n t  upstream pressure (Fig.  1 5 ) .  An experiment (flaw graph i s  shown 
i n  F ig .  16 )  was devised t o  show the  dependence of the  c r i t i c a l  flow r a t e  
upon atmospheric pressure (Fig.  1 7 ) .  

son ic  energy. An experiment (Fig.  18) gave a bandpass a n a l y s i s  of the  
noise  generated by the t i p  from .89 t o  44.6 k i l o h e r t z  (Fig.  1 9 ) .  Ele- 
mentary ca l cu la t ions  showed t h a t  t h i s  noise  could conceivably generate  
a peak fo rce  of approximately 2 x 10-5 dynes on a micro-organism 1 micron 
i n  diameter.  A considerably h igher  force  would probably be needed t o  
shake a 1 micron p a r t i c l e  loose .  

The r e s u l t s  of very e a r l y  experimentation showed t h a t ,  f o r  a high 

A i r  flowing through t h i s  o r i f i c e  was suspected t o  produce u l t r a -  
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TABLE 2 

Vacuuming a Test Surface Contaminated with W e t  Bacter ia l  
Spores (Bacillus s u b t i l i s  var .  niger) 

I -  

Results of 

Probe 
Used 

S ta in l e s s  

S t a i n l e  s s 

S ta in less  

S t a in l e  s s 

S ta in l e s s  

Teflon 

Teflon 

Teflon 

Teflon 

Teflon 

Test T e s t  Colonies on Colonies on 
Surface Surface Con tr o l  Vacuumed Percentage 

Surface Surf ace Removal Area Type 
1152cm2 A l u m .  213 48 77% 

1152cm2 A l u m .  1671 95 94% 

576cm2 A l u m .  1187 248 79% 

576cm2 A l u m .  62  8 77.5% 

576cm2 A l u m .  77 1 99% 

576cm2 A l u m .  74 1 99% 

576cm2 A l u m .  1004 181 82% 

576cm A l u m .  108 4 96% 

576cm2 A l u m .  146 3 9 8% 

576cm2 A l u m .  650 38 94% 

TABLE 3 

Results Obtained with a Membrane F i l t e r  i n  Conjunction with the Vacuum 
Probe and - B. s u b t i l i s  var.  niger Spores Suspended i n  Ethanol 

Bacteria Removed from 
Surface Based on Agar Membrane F i l t e r  Percentage of Number 

Overlay Colony Count Removed Counted on F i l t e r  
24 
18 

5337 
6215 

23 
1 7  

3038 
2988 

95.8% 
94.4% 
56.9% 
48 .l% 
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Figure 1 3 .  
Inocula t ion  of t es t  
su r faces  with s o i l  dust  

Figure 1 4 .  
Inoculat ion of t e s t  
sur faces  with sk in  
f l akes  
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TABLE 4 

Results of Vacuuming a T e s t  Surface Contaminated 
with Dust from Garden Soi l  

Test Test Colonies on Colonies on 
Probe Surface Surface C ont r o l  Vacuumed Percentage 
Used Area Type Surf ace Surf ace Removal 

S ta in l e s s  1936cm2 A l u m .  2840 25 99% 

Sta in less  1936cm2 A l u m .  1 . 9  105 6716 96% 

TABLE 5 

Results of Vacuuming a Test Surface Contaminated 
with Human Skin Flakes 

T e s t  T e s t  Colonies on Colonies on 
Probe Surface Surface Control Vacummed Percentage 
Used Area Type Surface Surface Removal 

S ta in l e s s  1152cm2 A l u m .  136 7 95% 

S ta in l e s s  1152cm2 A l u m .  188 2 99% 

Teflon 576cm2 A l u m .  233 6 97% 

Teflon 576cm2 A l u m .  151 6 96% 

TABLE 6 

Results Obtained Using a Membrane F i l t e r  i n  Conjunction 
with the Vacuum Probe and Human Skin Flakes Contamination 

Bacteria Removed from 
Surface Based on Agar Membrane F i l t e r  Percentage of Number 

Overlay Colony Count Removed Counted on F i l t e r  

241 115 47.7% 

145 89 61.4% 
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Figure 1 5 .  
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Figure 16 .  Test setup t o  determine the dependence of the 
vacuum probe c r i t i c a l  o r i f i c e  on operating 
pr e s sur e s 
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Figure 1 9 .  Bandpass analysis  of sonic noise 
measured 1 .6  centimeters from 
probe t i p  

Summary 

Testing has shown tha t  the vacuum probe i s  a too l  which i s  useful  
fo r  assaying low loadings of v iab le  micro-organisms from large surfaces 
within clean rooms. The r e l i a b i l i t y  and r epea tab i l i t y  exceeds tha t  of 
the c l a s s i c a l  microbiological techniques adapted fo r  t h i s  purpose. 
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4 .  THE PROBABILITY OF RELEASING MICRO-ORGANISMS 
ON FRACTURE FROM SOLIDS 

N.  J. PETERSON 
U. S. Public Health Service 

Phoenix, Arizona 

Mathematical models a r e  being used to  p red ic t  the probabi l i ty  of 
landing a v iab le  organism on a planet ,  and one of the estimated prob- 
a b i l i t i e s  i n  the equations i s  the probabi l i ty  o f  re leas ing  a v i ab le  
micro-organism from within a so l id  mater ia l .  The spacecraf t  should 
be s t e r i l i z e d  s o  t h a t  there  a re  no viable  micro-organisms within the 
s o l i d  mater ia l ,  but t h i s  probabi l i ty  of re lease  (P,) s t i l l  has to  be 
considered. 

The probabi l i ty  calculat ions,  up t o  t h i s  point ,  has  always used 1 
a s  the worst case s i t ua t ion ;  i n  other  words, i f  there  i s  a v iab le  micro- 
organism i n  the so l id ,  upon impact of the spacecraf t ,  the  organism w i l l  
be re leased.  I n  the laboratory work on the recovery of micro-organisms 
from s o l i d s ,  we simulate impact by breaking pieces of s o l i d  mater ia l .  
I f  these have micro-organisms entrapped within them and they a r e  re leased,  
upon impact a c e r t a i n  amount of the population w i l l  be k i l l e d .  So we 
know t h a t  1 i s  probably not the r i g h t  number, but  what i s  a good number? 

r e l a t e  concentration of spores per volume t o  the P r  per square area ex- 
posed when f rac tur ing  takes place. W e  f u r the r  decided t o  do t h i s  i n  as  
nontraumatic type approach as  possible i n  order t o  do away with the 
generation of hea t  and the generation of mechanical forces  which a re  
responsible f o r  the die-off when s o l i d  pieces of mater ia l  a re  f rac tured .  

The model system i s  a polymerized p l a s t i c ,  with l e u c i t e  as the main 
ingredient .  Spores can be entrapped i n  the p l a s t i c ,  within which we 
can predic t  the l eve l  of contamination i n  terms of spores per gram or  
spores per cubic centimeter. We have the a b i l i t y  t o  sample and t o  
check the predict ion of t h i s  concentration because l e u c i t e  i s  so luble  i n  
acetone, and acetone i s  not l e t h a l  t o  the spores. By dissolving the 
p l a s t i c  and f i l t e r i n g  i t ,  we can t e l l  exact ly  how many spores there  a re  
per u n i t  volume. 

diameter and 2 mill imeters thick.  By breaking these d iscs  across one 
diameter, two surfaces w i l l  be exposed, each surface being 2 x 14 m i l l i -  
meters and exposing 28 millimeters squared. 
again along the quarter plane to expose another 28 mil l imeters .  After 
breaking these i n  various ways (being sure t h a t  the surfaces  a r e  ster-  
i l i z e d ) ,  w e  drop these pieces with exposed surfaces i n t o  tubes of broth.  
we incubate the broth f o r  a min imum of 30 days and watch f o r  growth. 
I f  growth occurs, we say t h a t  a t  l e a s t  one micro-organism was released 
or  was exposed a t  the surface,  and i f  no growth occurs,  we say t h a t  no 
micro-organisms were released a t  the surface.  I f  we have run 20 tubes,  

Therefore, we decided t o  develop curves, using a model system, t o  

Batches of the p l a s t i c  a re  cu t  i n t o  small d i scs  14 m i l l i m e t e r s  i n  

These halves can be broken 
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we can say t h a t  the number of tubes t h a t  turned p o s i t i v e  represents  
a c lose  approximation of t he  p robab i l i t y  of a t  l e a s t  the number of spores 
r e l eased  per u n i t  per square a rea  exposed. W e  then p l o t t e d  the  poin ts  
and f i t t e d  a l i n e  t o  them f o r  four sur face  a r e a s ,  so  w e  now have 4 l i n e s  
i n  which we r e l a t e  the  P r  versus  concentrat ion i n  spores  per  gram o r  
spores per cubic cent imeter .  This i s  usefu l  i n  one r e spec t  because i t  
gives  a much b e t t e r  es t imat ion  than we had before .  

A second thing done with these curves i s  picking of f  po in ts  and 
t r a n s f e r r i n g  them t o  another graph f o r  ex t r apo la t ion .  
face a rea  exposed versus  Py and g e t  a family of curves f o r  t h e  var ious  
concentrat ions of spores wi th in  the  p l a s t i c .  This allows us t o  f i n d  
a t  what sur face  a rea  exposed the P r  w i l l  be .  W e  have t r i e d  t o  g e t  a 
b e t t e r  approximation of P r ,  and we have found out  t h a t  i t  i s  not  Number 
1. For example, we have never found a pos i t i ve  sur face  a t  anything 
below 500 spores per  gram. This i s  s t i l l  qu i t e  contaminated, and we  
expect the spacecraf t  t o  be considerably l e s s  contaminated than t h a t .  
Below t h a t ,  w e  have a l l  zeros ,  so P r  i s  d e f i n i t e l y  not  1, e s p e c i a l l y  
s ince  the impact and t raumatic  f r a c t u r i n g  i s  going t o  be more des t ruc-  
t i v e  than the simple f r a c t u r i n g  done i n  the labora tory .  This work w i l l  
be followed up t o  see whether i t  does bear some good r e l a t i o n s h i p  t o  
what happens under impact condi t ions .  

Now w e  p l o t  sur -  
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5 .  LIFE DETECTION EXPERIMENTS 

G .  L . HOBBY 
J e t  Propulsion Lab oratory 

Cal i fornia  I n s t i t u t e  of Technology 
Pasadena, Cal i fornia  

Introduction 

Since 1960,  NASA has supported the development of l i f e  detection 
experiments for  unmanned planetary probes t o  Mars. These experiments 
have consisted mainly of schemes for  t e s t ing  s o i l  samples t o  determine 
whether they contain organic compounds of biological  o r ig in ,  or whether 
they exhib i t  any ac t ive  processes, such a s  metabolism, photosynthesis, 
o r  r ep l i ca t ion .  Three of these experiments a re  discussed below. 

Gas Chromatography-Mass Spectrometry 

ana ly t i ca l  t oo l s .  In  the l a s t  few years ,  i t  has been possible t o  com- 
bine these two instruments i n to  a s ingle  system by using gas chroma- 
tography fo r  separating v o l a t i l e  components and mass spectrometry for  
ident i fying them. This technique became possible when molecular separa- 
t o r s  were developed fo r  separating the c a r r i e r  gas e f f luen t  from com- 
ponent samples before these components were in jec ted  i n t o  the ion source 
of the mass spectrometer. By combining t h i s  method with computer analy- 
s i s  of the mass spec t ra ,  rapid analyses of mixtures of v o l a t i l e  organic 
compounds a re  possible .  

Such an instrument systemhas been proposed f o r  appl icat ion t o  
planetary exploration and it i s  being developed by the J e t  Propulsion 
Laboratory under NASA sponsorship. One of i t s  most a t t r a c t i v e  fea tures  
i s  i t s  g rea t  v e r s a t i l i t y .  It can be used t o  perform extensive analyses 
of organic surface mater ia l ,  i t  can determine the gaseous composition 
of the p l ane t ' s  atmosphere, and i t  a l s o  can be used i n  experiments t h a t  
tes t  f o r  metabolic processes.  

with the gas chromatograph-mass spectrometer system, these compounds 
must be converted i n t o  v o l a t i l e  forms t h a t  a r e  c h a r a c t e r i s t i c  of the 
chemical c lasses  i n  the s t a r t i ng  sample. One of the important pro jec ts  
t h a t  NASA i s  supporting a t  JPL i s  t o  determine what techniques of pyrol-  
y s i s  w i l l  convert complex organic mixtures i n  s o i l  t o  v o l a t i l e  organic 
products t h a t  a r e  iden t i f i ab le  with the d i f f e ren t  compounds i n  the 

Both gas chromatography and mass spectrometry a r e  powerful chemical 

For the analysis  of nonvolatile organic compounds i n  Martian s o i l  

This paper presents the r e su l t s  of one phase of research ca r r i ed  
out a t  the Jet Propulsion Laboratory under Contract No. NAS7-100, 
sponsored by NASA. 
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or ig ina l  mixture. Pyrolysis i s  of pa r t i cu la r  i n t e r e s t  as  a method of 
v o l a t i l i z i n g  sanples fo r  analyses by gas-chromatography-mass spectrom- 
e t r y  on planetary probes because it i s  s i m p l e r  than methods involving 
wet chemical processes, a s ,  fo r  example, preparing v o l a t i l e  der ivat ives  
of components i n  the sample. I n  addi t ion,  another advantage i s  t h a t  
samples consisting of insoluble organic matter can be analyzed. 

and mass spectrometer instrumentation fo r  space probes. Mass spectrom- 
e t e r s  have been flown on sounding rockets fo r  analyses of the Earth 's  
upper atmosphere. 
much more sophis t icated.  Figure 1 i l l u s t r a t e s  the basic  configuration 
of a gas chromatograph-mass spectrometer system fo r  planetary use.  The 
e s sen t i a l  pa r t s  a r e  the c a r r i e r  gas storage tank, the pyrolysis oven, 
the gas chromatographic column and de tec tor ,  the molecular separator ,  
and the mass spectrometer. For an organic analyses,  a sample of s o i l  
i s  obtained from the surface by a sample co l l ec t ion  system, and a por- 
t i on  i s  dumped into the pyrolysis oven. After or  during pyrolysis any 
v o l a t i l e  organic products a re  swept from the oven i n t o  the gas chroma- 
tograph column for separation. As each component passes the chromato- 
graph de tec tor ,  the mass spectrometer begins scanning. Excess c a r r i e r  
gas i s  removed from the system by the molecular separa tor ,  and the con- 
centrated sample i s  in jec ted  d i r e c t l y  i n t o  the ion source of the mass 
spectrometer. The s ignal  output from both the gas chromatograph and 
mass spectrometer i s  fed i n t o  an e lec t ronic  data system fo r  processing 
i n  order t o  compress the t o t a l  data before i t  i s  transmitted t o  Earth. 

Experience has already been gained i n  designing gas chromatograph 

An instrument fo r  planetary space probes w i l l  be 

GAS CHROMATOGRAPH MASS SPECTROMETER 

OVEN COLUMN 
MOLECULAR 

PUMP 

u ATMoSPHER'C SAMPLES 
CARRIER 

GAS TANK 

Figure 1. Basic GC-MS experiment 

Figure 2 i s  an a r t i s t i c  conception of the instrument fo r  use on a 
'Ihe component pa r t s  include the hopper fo r  receiving planetary probe, 

a sample, the pyrolysis oven, the car r ie r -gas  tank, the columns and 
de tec tors ,  the molecular separator and pump fo r  removing c a r r i e r  gas ,  
the ion source of the mass spectrometer, the e l e c t r o s t a t i c  analyzer,  
the magnet f o r  the ion pump fo r  evacuation of the MS, the magnetic 
analyzer and the low and high mass sec tors  containing the e lec t ron  
mul t ip l i e r s .  
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Figure 2 .  Gas chromatograph mass spectrometer 
f o r  Mars s o i l  organic ana lys i s  

A complete f l i g h t  instrument, including a l l  e l e c t r o n i c s ,  would 
weigh about 30 pounds, and consume an average of 20 wat t s  of power, 
(50 wa t t s  f o r  seconds or minutes during py ro lys i s ) .  It would cover a 
mass range of 1 t o  350 a t  u n i t  mass r e s o l u t i o n ,  have a 7 second scan 
t i m e ,  and a dynamic range of 106 .  

t h a t  was designed exc lus ive ly  for atmospheric analyses .  This i l l u -  
s t r a t e s  what can be done i n  designing instruments f o r  spec ia l  space 
app l i ca t ions .  This gas chromatograph can withstand shocks of 3,000 g ' s .  
Components t h a t  a r e  v i s i b l e  i n  t h i s  view a r e  the  pressure r egu la to r  
va lve ,  the  thermal conduct ivi ty  de t ec to r s  and four  sho r t  s t a i n l e s s  s teel  
columns. The instrument i s  7 x 7 - 1 / 2  x 4 inches i n  s i z e  and weighs 
about 10  pounds. 

a s i n g l e  sec to r ,  double-focusing device with a mass range of 100,  and 
u n i t  r e so lu t ion .  The main components shown a r e  the  ion  source,  the  
e l e c t r o s t a t i c  ana lyzer ,  the  magnetic ana lyzer ,  the  c o l l e c t o r  s l i t  and 
the  mounting f o r  the e l e c t r o n  mul t ip l i e r .  The weight of t h i s  instrument 
i s  about 7 pounds. 

f o r  evidence of physiological  processes i n  samples of Martian s o i l .  

Figure 3 shows an engineering model of a compact gas chromatograph 

Figure 4 shows a breadboard model of a mass spectrometer.  This i s  

The following two experiments deal  with the  problem of searching 
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Figure 3 .  Gas chromatograph f o r  
atmospheric analyses 

0 Figure 4 .  Breadboard model of mass spectrometer 
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Detection of Carbon Dioxide Assimilation 

The f i r s t  of these i s  a simple approach f o r  detecting biological  
carbon dioxide f ixa t ion .  Soi l  samples a re  incubated i n  chambers con- 
ta in ing  an atmosphere of carbon dioxide l abe l l ed  with C - 1 4 .  The sam- 
p l e s  a re  incubated both under na tura l  Martian i l luminat ion and i n  com- 
p l e t e  darkness f o r  periods of hours or days. Replicate samples s t e r i l -  
ized e i t h e r  by hea t  or  with chemicals a r e  a l s o  incubated. After incu- 
bat ion,  each sample i s  t reated with ac id  t o  remove adsorbed C 0 2 ,  or 
accumulated carbonates, and excess radioact ive carbon dioxide i s  purged 
from the chamber. The s o i l  samples a r e  dr ied and the accumulated radio- 
a c t i v i t y  measured by placing a r ad ia t ion  detector  d i r e c t l y  over the sam- 
p l e .  Differences i n  rad ioac t iv i ty  between the i l luminated, the darkened, 
and t h e  s t e r i l e  samples w i l l  indicate  whether carbon-14 has been assim- 
i l a t e d .  A s  might be expected, t h i s  technique works very well f o r  most 
samples of t e r r e s t r i a l  s o i l s .  Table 1 shows typica l  r e s u l t s  obtained 
when as  l i t t l e  as  50 mgs of s o i l  a r e  incubated. Dark C02 f ixa t ion  a s  
well  as  photosynthetic a c t i v i t y  i s  commonly observed. 

Figure 5 shows how these s o i l s  a r e  incubated i n  the laboratory.  
N o  m e d i u m  i s  used i n  t e s t ing  the samples. They a re  simply moistened 
with d i s t i l l e d  water before they a re  incubated. 

th poor counting geometry and self-absorpt ion by the s o i l  samples. 
The r ad ioac t iv i ty  measurements of s o i l s  spread on planchets a re  l e s s  
than f ive  percent e f f i c i e n t .  An a l t e rna t ive  scheme i s  i l l u s t r a t e d  i n  
Figure 6 .  After incubation the s o i l  samples w i l l  be pyrolyzed under 
conditions t h a t  w i l l  produce organic pyrolysis products. Carbon dioxide, 
water,  and carbon monoxide tha t  may form w i l l  be separated from organic 
pyrolysis products by gas chromatography, and the t o t a l  v o l a t i l e  organic 
f r ac t ion  w i l l  be co l lec ted  i n  an in t e rna l  gas r ad ia t ion  de tec tor .  Radio- 
ac t ive  organic pyrolysis products obtained from carbon-14 labe l led  or-  
ganic subs t ra tes  produced during incubation w i l l  ind ica te  the assimila-  
t i o n  of carbon dioxide. Another a l t e rna t ive  i s  combusting the sample 
completely t o  C 0 2  and water, separating the water from the carbon 
dioxide by gas chromatography and f i l l i n g  the r ad ia t ion  detector  with 
the carbon dioxide, some of which w i l l  be radioact ive i f  C-14 has been 
assimilated.  

The planchet counting method i s  inherent ly  i n e f f i c i e n t  because of 

The Gulliver experiment, developed by Dr. Gilbert  Levin, formerly 
of the Hazeltine Laboratories,  and Prof. N. Horowitz, of the Cal i fornia  
I n s t i t u t e  of Technology, i s  designed t o  search f o r  heterotrophic  metab- 
olism i n  Martian s o i l  samples. The experiment cons is t s  of inoculating 
a nu t r i en t  broth containing one or more simple carbon compounds t h a t  
a r e  l abe l l ed  with carbon-14. 
o l i z ing  these cons t i tuents ,  they may form l abe l l ed  carbon dioxide a s  a 
metabolic end-product. The radioactive carbon dioxide released i s  col-  
l ec t ed  per iodica l ly  and the r a t e  of change of r ad ioac t iv i ty  i s  de te r -  
mined. I f  t h i s  change has  a logarithmic charac te r ,  i t  w i l l  suggest a 
growing cu l ture .  I f  the increase i s  l i n e a r ,  it w i l l  ind ica te  e i t h e r  
a metabolizing cul ture  a t  r e s t ,  or perhaps an a r t i f a c t ,  due t o  a non- 
b io logica l  i n t e rac t ion  of the sample with the cons t i tuents  of the 
medium. For t h i s  reason, a s t e r i l e  control  i s  e s s e n t i a l  i n  the experi-  
ment. 

If  Martian organisms a re  capable of metab- 

The bas ic  Gulliver device i s  i l l u s t r a t e d  i n  Fig. 7 .  Samples of 
surface matter a re  col lected by deploying a s t icky  s t r i n g  onto the sur-  
face.  This i s  done by a small p r o j e c t i l e  which i s  shot away from the 
spacecraf t .  The other end of the s t r i n g  i s  at tached t o  a drum ins ide  

293 



TABLE 1 

Ligh t  
Unhe a t  e d Autoclaved 

3114 67 
2396 162 
2304 
3710 

Growth and Photosynthesis 
Photosynthesis i n  JPL S o i l  Samples 

Dark 
Unheated Aut oc 1 ave d 

83 54 
123 84 
1 1 2  

83 
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Sample s i z e :  50 mg 

I4co2 0.18 p C / m l  

Incubation: 5 h r  
Ac id i f i ca t ion  : 0.04 m l  CONC HCL 

Purge Time (Ai r ) :  30 min 
I l lumina t ion:  750 f c  
Temperature: 26°C 

Figure 5 .  Incubation of s o i l s  
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Figure 6 .  Photosynthetic l i f e  detect ion system 

BETA DETECTOR 

GETTER FILM 

BAFFLE 
PROJECTILE 

MEDIUM 

SPOOL 

Figure 7 .  Basic Gulliver experiment 

the growth chamber, and a f t e r  deployment, the drum r o t a t e s  and pu l l s  
the s t r i n g  across the s o i l  surface and i n t o  the chamber. Soi l  p a r t i c l e s  
and micro-organisms a r e  picked-up by the s t r i n g .  The hub of the drum 
i s  perforated and i s  hollow. Inside the hub there  i s  a v i a l  of growth 
medium. After the s t r i n g  has been completely wound on the drum, the 
chamber i s  closed and the v i a l  of growth medium i s  punctured by a plun- 
ger .  The growth medium i s  adsorbed by the s t r i n g  and sa tu ra t e s  the ad- 
her ing s o i l  p a r t i c l e s .  I f  the radioact ive subs t ra tes  a re  metabolized 
t o  carbon dioxide, t h i s  radioact ive gas i s  released and w i l l  d i f fuse  
pas t  a s e t  of ba f f l e s  t o  a t h i n  layer  of barium hydroxide deposited on 
the window of the Geiger Muller tube. 

a va r i e ty  of loca t ions ,  such a s  mountain peaks and dry deser t  regions.  
This instrument i s  shown i n  Fig. 8 .  The two p r o j e c t i l e s  fo r  deploying 
the sampling s t r i n g s  a r e  i n  the foreground. The growth chamber i s  i n  
the center .  IIhe two por ts  fo r  the s t r i n g s  a re  a t  the top of the cham- 
be r ,  and the top s t ruc tu re  houses the Geiger tube and anti-coincidence 
e lec t ronics  t h a t  compensate f o r  background r ad ia t ion .  

A model 3 prototype of t h i s  system has been successful ly  t e s t ed  i n  
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Figure 8 .  The Gull iver  I11 

Figure 9 i s  a cut-away view of the instrument .  The bro th  a . l e  
i s  i n  the center  of t he  spool ,  and the  ampoule breaker i s  i n  the ,i- 
zonta l  c y l i n d r i c a l  s t r u c t u r e  on the  r i g h t  s i d e  of the instrument .  The 
ampoule containing the s t e r i l i z i n g  agent and the breaker  mechanism f o r  
s h a t t e r i n g  the ampoule i s  t o  the l e f t .  
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Figure 9 .  Side e l eva t ion ,  cutaway of Gull iver  111 



Figure 10  shows the  instrument mounted i n  a small capsule i n  prep- 
a r a t i o n  f o r  a f i e l d  t e s t .  Figure 11 shows the  s t r i n g s  being drawn i n t o  
the  instrument during one of the f i e l d  t r i a l s  a t  a dese r t  t e s t  s i t e .  

Figure 1 2  shows r e s u l t s  of one of the t e s t s  performed near Sal ton 
Sea, Ca l i fo rn ia .  Note t h a t  i n  the  f i r s t  30 minutes a very r ap id  r e -  
sponse i s  obtained,  a f t e r  which only a very slow metabolic r a t e  i s  ob- 
served.  This i s  typ ica l  of most t r i a l s ,  e i t h e r  when using t h i s  model 
instrument o r  i n  labora tory  t e s t i n g  of s o i l s .  

Several  o the r  approaches are  being developed. These include the  
de t ec t ion  of growth of micro-organisms i n  l i q u i d  suspensions of s o i l  
p a r t i c l e s  by changes i n  the  forward s c a t t e r i n g  of l i g h t  (Wolf t r a p ) ;  
t he  de t ec t ion  of nuc le ic  a c i d ,  p ro t e ins ,  and porphyrins by fluorometry; 
f luorometr ic  assays f o r  enzymes; microscopy; and t h e  analyses  of s o i l  
organic  mat ter  by in f r a red  spectrophotometry. 

t o  be one of the  most v e r s a t i l e  t oo l s  f o r  obtaining information about 
the  organic chemistry and the  biochemistry of t he  Martian sur face .  
i s  a l s o  i d e a l  f o r  determining accurately the composition of the  Martian 
atmosphere. 

a 

I n  summary, a gas chromatrograph-mass spectrometer system appears 

It 

Pyro lys is  i s  the s implest  method of preparing nonvola t i le  organic 
samples f o r  a gas chromatograph-mass spectrometer analyses  on p lane tary  
probes.  
advanced. 

The technology of miniatur iz ing these instruments i s  r e l a t i v e l y  

Figure 10 .  Gulliver 111 mounted i n  capsule 
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Figure 11. F i e l d  t r i a l  of Gul l iver  111, and d e s e r t  
t e s t  s i t e  

Antimetabolite - - 
- 

IO 4 
1 1 1  1 1 1 1  1 1 1 1  I l l 1  1 1 1 1  

0 1 2 3 4 8 
TIME IM )(OUR8 

Figure 1 2 .  F i e l d  t e s t  response - f i r s t  f i v e  
hours (Salton Sea, Ca l i fo rn ia )  
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Experiments f o r  detecting physiological a c t i v i t y  i n  s o i l  samples 
a r e  a l so  being developed and some of these have been tes ted  i n  the 
laboratory and i n  the f i e l d .  

The combined data from these,  and other experiments, being devel- 
oped by NASA should provide a reasonably c l ea r  picture  of whether l i f e  
i s ,  or  i s  not ,  present on Mars. 
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Question and Answer Period 

OGLE: Was the spectroanalyzed acetone o r  other  f l u i d s  checked fo r  

LeDOUX: N o ,  not  previous t o  t h e i r  use. The spectroanalyzed acetone 

p a r t i z t e  content? 

i s  t r i p l e d i s t i l l e d .  This i s  used d i r e c t l y  on the spacecraf t ,  not fo r  
the k i l l i n g  of organisms, but pr imari ly  f o r  t h e i r  physical  removal. 
The isopropyl alcohol was 200 proof,  and i t  was cu t  down 1 0  percent t o  
180 proof.  It i s  f i l t e r e d  through membranes and f i l t r a t i o n  i s  obtained 
down t o  5/10 micron i n  s i z e .  W e  found t h a t  the spores were washed f r e e  
from the component, and i n  order not t o  contaminate other  components 
t h a t  may not have spore forms on them, we f i l t e r e d  every time t h a t  we 
used the isopropyl a lcohol .  

- FEY: Did I understand you t o  say t h a t ,  a f t e r  spending a c e r t a i n  
amount of time i n  outer  space environment, the only remaining v i ab le  
microbes would be those ins ide  e l ec t ron ic  components such a s  t r a n s i s t o r s ?  
Do you have a program f o r  decontaminating and monitoring such components. 

LeDOUX: Yes, I did say t h a t .  And probably the only forms there  
w o u l d n o r e  forms. Vegetative l i f e  would no longer e x i s t  a f t e r  going 
through 1 ,440  cyc l ic  changes between -45°C and +50°C. 
t r a n s i s t o r s  and other  e l ec t ron ic  components w i l l  be washed i n  alcohol 
f o r  1 5  minutes. However, the i n t e r i o r s  w i l l  not be decontaminated. 
During manufacture, these components exceed 1000°C, so we f e e l  reason- 
ably sure  t h a t  most of these do not contain v i ab le  l i f e  within them. 
There a re  about 37,000 components i n  the spacecraf t ,  and the assessment 
i s  based on t h a t .  

The e x t e r i o r  of 

YEICH:  Is  a plan being formulated t o  check f o r  e x t r a t e r r e s t i a l  bat- - t e r i a  i n  re turning spacecraf t  before r een t ry?  
posed and studied by the as t ronauts?  

the su-r;face of the moon. The lunar  mater ia l  w i l l  be del ivered t o  the 
Lunar Receiving Laboratory (LRL) a t  Houston, and here  the samples w i l l  
be sa fe ty  t e s t ed .  
or  not there  are  any organisms or  any tox ic  mater ia l  i n  the lunar  sample. 

quarantined. How w i l l  the spacecraf t  be decontaminated s ince we do not 
know what type of l i f e  may be brought back? 
from organisms i n  and on the spacecraf t  escaping a f t e r  reent ry?  

FAVERO: The outs ide of the capsule probably would not ge t  contam- 
ina ted ,  although there  i s  the p o s s i b i l i t y  because t h i s  i s  the ship t h a t  
w i l l  be orb i t ing  the moon. The module t h a t  goes t o  and r e tu rns  from 
the surface of the  moon t o  t h i s  o rb i t i ng  sh ip  w i l l  not  be brought back 
t o  e a r t h .  The hea t  of reent ry  on the surface of the re turn ing  capsule 
probably would k i l l  any v iab le  mater ia l ,  as  we know i t .  
t o  the i n t e r i o r  of the capsule,  the primary r a t i o n a l e  i s  not  mainly 
decontamination, but  containment. The as t ronauts ,  the samples, and 
other  mater ia ls  w i l l  be contained wi th in  LRL u n t i l  they a re  s a f e t y  

W i l l  agar p l a t e s  be ex- 

FAVERO: The ascronauts a r e  not going t o  do any b io logica l  t e s t s  on 

Par t  of the sa fe ty  t e s t i n g  i s  determining whether 

Y E I C H :  Astronauts re turn ing  from e x t r a t e r r e s t i a l  landings w i l l  be 

How can we be protected 

With respec t  
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t e s t ed .  This i s  extremely important because there  might be organisms 
i n  the layers  of the lunar surface. The probabi l i ty  of lunar l i f e  i s  
very low, but i f  i t  were t o  e x i s t ,  the pena l t ies  would be extremely 
high, espec ia l ly  with viable  and toxic  mater ia ls .  

YEICH: What about the aspect of unknown types of organisms. 

FAVERO: W e  do not know whether decontamination techniques, such 
a s  he- chemicals, a f f e c t  organisms w i t h  a d i f f e ren t  make-up. The 
only thing we can do now is t o  work up mater ia ls ,  methods, and appl i -  
cat ions according t o  how w e  understand l i f e  on t h i s  planet .  

It i s  on f i n a l  check- 
out  now a t  Houston. It i s  an $8,500,000 building and i s  equipped with 
a l l  kinds of modern instrumentation and assay techniques; a t  present ,  
there  a re  about 50 ful l - t ime employees. A l l  of the safe ty  tests tha t  
w i l l  be performed on the returned samples, which amount t o  about 50 l b s ,  
w i l l  be within thick containment b a r r i e r s .  The minimum amount of lunar  
mater ia l  f o r  quarantine purposes t o  determine whether there i s  anything 
t h a t  w i l l  a f f e c t  people or other l i v ing  things on t h i s  ea r th  i s  about 
1 - 1 / 2  kilograms. A ce r t a in  number of tests a re  mandatory i n  accordance 
with Federal s t a tu to ry  requirements of agencies such as  the Department 
of the I n t e r i o r  f o r  animal l i f e ,  the Department of Agriculture f o r  an i -  
m a l  l i f e  and vegetation, and Public Health Service f o r  foreign quaran- 
t i n e ,  i n  t h i s  case,  planetary quarantine. So there  a re  very elaborate  
preparations being made with respect t o  lunar  samples t o  pro tec t  a l l  of 

- NEILL: L e t  me enlarge on the LRL f a c i l i t y .  

us.  

SHAW: How do you s t e r i l i z e  saran wrap? 

MORRIS: 'Ihe saran wrap i s  already s t e r i l e  as-received. However, 
we d o h a v e t o  be carefu l  t ha t  we do not contact the surface t o  be used 
with hands or  anything e l s e  that  i s  contaminated. That saran wrap i s  
s t e r i l e  i s  w e l l  documented, and we have never observed an outgrowth i n  
any of the cu l tures  when saran wrap was used t o  cover them. 
has been used i n  t i s sue  cul ture  and v i rus  s tud ies  without addi t ional  
s t e r i l i z a t i o n  . 

Saran wrap 

SHAW: What a re  the physiological e f f e c t s  of 25-40 kc u l t rasonics  
as  compared t o  sonic frequencies? 

MORRIS: We do not know of any de f in i t e  experimentation i n  t h i s  area 
e x c e p m .  Peterson, who spoke e a r l i e r .  
with u l t rasonic  equipment for  ag i t a t ion  of microbes and found tha t  there  
was negl igible  k i l l - o f f .  Another person has developed a model which 
demonstrates t h a t  organisms could conceivably be dislodged by these 
frequencies,  but we a r e  not too c e r t a i n  about t ha t .  

hooked up with the vacuum probe t o  count and/or s i z e  the b a c t e r i a l  
pickup ? 

ticle-er i s  developed. We would l i k e  t o  remove the f i l t e r  from the 
probe and put a higher pa r t i c l e  r a t e  sampler d i r e c t l y  behind i t .  
would simplify counting numbers of micro-organisms and p a r t i c l e s  removed 
from surfaces .  

H e  has performed some tests 

BALLARD: Have you experimented with a l i g h t  s ca t t e r ing  photometer 

MORRIS: No, but  a study w i l l  be made as  soon a s  the high r a t e  par- 

This 
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TRAUTH: M r .  Peterson, a re  you not r e a l l y  discussing Pr from f r ac -  
tu re  rather than a general P r ?  For example, i t  i s  not possible ,  as  f a r  
as  I know, t o  a s se r t  on the bas i s  of experimental evidence t h a t  there 
a re  not l i f e  forms on Mars tha t  make r e l ease  from so l ids  a ce r t a in ty .  

We were not talking about the re lease  tha t  may r e s u l t  from degradation 
of so l id s  because of chemical or biological  l i f e  ac t ion .  

PETERSON: Yes, the P r  re fe r red  t o  was t h a t  r e su l t i ng  from f r ac tu re .  

TRAUTH: Have you developed a model of f r ac tu re  and are  you using 
your -0 ver i fy  it? 
erence t o  P r  being proportional t o  the area a f t e r  f rac ture  prompts t h i s  
question. 

PETERSON: We d i d  not develop a mathematical model. We f e l t  i n t u i -  
t i v e l y  tha t  an increase i n  the area of any given volume of mater ia l  w i l l  
increase Pr. 
assumptions and many r e s t r i c t i o n s .  We are  dealing s t r i c t l y  with a non- 
porous s o l i d  and a nontraumatic type of f r ac tu re .  It should be empha- 
s ized again t h a t  t h i s  i s  a shaky f i r s t  s t ep  and by no means a de f in i t i ve  
approach t o  the problem of P r .  

r e g a r a p a c e c r a f t  s t e r i l i z a t i o n ?  

HOBBY: The present components fo r  the GC-MS have not been t e s t ed ,  
as f a r  as we know, under s t e r i l i z a t i o n  environment, but we would expect 
t ha t  they would survive because of the mater ia ls  used t o  bui ld  the in-  
struments. On the other experiments, Gulliver has gone through a s t e r -  
i l i z a t i o n  cycle a t  l e a s t  once. One problem i s  with the growth medium. 
Although the growth medium was able t o  support growth a f t e r  the s t e r i l -  
i za t ion  cycle ,  there were s l i g h t  changes i n  colorat ion.  One of the con- 
cerns i s  t h a t  we may know l e s s  about the physiology of margin organisms 
when the cons t i tu t ion  of the media i s  changed by heat ing.  I n  other 
words, there may be a component i n  the medium t h a t  margin organisms do 
not l i k e ,  but a f t e r  i t  i s  heated, they do l i k e  i t ,  or vice versa .  As 
f a r  as  the photosynthetic study i s  concerned, we have not got ten i n t o  
the instrumentation phase ye t .  

Is  it poss f i l e  to iden t i fy  something a s  complex as DNA with GC-MS tech- 
nique s ? 

Are the data themselves the model? Your r e f -  

We took an empirical approach and the data involve many 

TRAUTH: What l imi t a t ion  do the GC-MS and other experiments have with 

TRAUTH: You r e f e r  t o  iden t i f i ca t ion  of "complex" organic molecules. 

HOBBY: There i s  every reason t o  expect t h a t  we can. There i s  a 
g r e a t d e a r  of work recorded i n  the l i t e r a t u r e  on the analysis  of poly- 
mers, and fo r  every kind of polymer, a c h a r a c t e r i s t i c  chromotographic 
pa t t e rn  can be obtained. We a re  not sure about DNA, but things such as  
proteins  and porphyrins give cha rac t e r i s t i c  breakdown products which 
enable one t o  ident i fy  the o r ig ina l  compound. The problem a t  JPL i n  
analyzing the s o i l s  i s  t h a t  the s o i l s  a re  a mixture of complicated mole 
cules .  A t  present,  we bel ieve tha t  there w i l l  be a number of s e t s  of 
conditions under which we can f i n a l i z e  and ex t r ac t  s u f f i c i e n t  informa- 
t i o n  from the kinds and amounts of pyrolysis products so t h a t  we w i l l  
be able t o  piece together most of the things tha t  were i n  the or ig ina l  
sample. 

o t h e r t h a n  t h a t  based on carbon? 
SHAW: Are you considering the p o s s i b i l i t y  of any system of l i f e  
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HOBBY: N o .  From what we know about chemistry i n  general ,  one could 
s p e c u x t h a t  there  may be a s i l i c o n  base l i f e  or a l i f e  which uses 
ammonia as a solvent r a the r  than water. But here w e  cannot piece to-  
gether  a complete system t o  t e s t  experimentally. 
we would be wasting time trying t o  look fo r  an exot ic  form of l i f e  on 
Mars. The f i r s t  thing t o  do i s  t o  look fo r  the kinds of forms t h a t  have 
chemistry and the kinds of functions with which we  a r e  famil iar .  

Most of us f e e l  t h a t  
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Abstract 
Contamination cont ro l ,  i n  s p i t e  of i t s  increasing importance i n  our 

technical ly  advanced soc ie ty ,  i s  s t i l l  a subject  suffer ing from a lack 
of cohesiveness. This s i tua t ion  obtains because there  i s  no theory of 
contamination control  which applies t o  a l l  spec i f i c  contamination con- 
t r o l  problems and encompasses a l l  types of contamination control  tech- 
niques. This paper represents  an attempt t o  formulate a framework i n  
which such a theory may be developed. I n  e f f e c t ,  t h i s  i s  a framework 
i n  which contamination control  may be planned fo r  on a cost-effectiveness 
bas i s .  

Introduction 

Contamination Control. When contamination control  i s  understood 
i n  the broad sense or  l imi t inn  o r  removing unwanted mater ia l .  near lv  
every human being i s  involved: to some de i ree ,  i n  t h i s  a c t i v i t y .  
pa r t i c ipa t ion  may take the form of placing t rash  i n  receptacles  or 
merely l imi t ing  one's food t o  things which a re  hoped not t o  be harmful. 
Because of t h i s  "universal i ty"  of contamination cont ro l ,  i t  i s  easy t o  
view the f i e l d  as  a d i s jo in ted  co l lec t ion  of r e l a t i v e l y  unrelated prob- 
l e m s .  A l i t t l e  r e f l ec t ion ,  however, must lead  t o  the r ea l i za t ion  t h a t  
near ly  a l l  contamination control problems have c e r t a i n  s imi la r  fea tures :  
they involve l imi t ing  o r  removing p a r t i c  l a t e  matter,  gases or  l i qu ids  
i n ,  on or from so l id s ,  gases or  li uids.y The following abbreviated 
l i s t  gives some indicat ion of the 'universality" of contamination con- 
t r o l  and the s imi l a r i t y  of the problems a r i s ing  i n  the f i e l d .  

"his 

Contamination control  has been viewed i n  some d e t a i l  i n  t h i s  form 
i n  a document e n t i t l e d  Principles of Contamination Control. This docu- 
ment was prepared by members of: the Planetary Quarantine Department of 
Sandia Laboratories and w i l l  be published by the Government Pr in t ing  
Office i n  l a t e  1967. 

L 

.kkdi 

This work was conducted under Contract No. NASA-R-09-019-040, Bioscience 
Division, Office of Space Science Application, NASA Headquarters. 
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Area 
Medic ine 

Foods 

Drugs 

Manufacturing 

A i r  Po l lu t ion  

Water Pol lu t ion  

Planetary Quarantine 

Problem 
- L i m i t  (remove) v i r u l e n t  l i f e  forms , 

p a r t i c u l a t e  mat ter ,  chemicals and 
gases on and i n  (from) instruments,  
drugs, environments and humans, 

l i f e  forms, harmful chemicals and 
gross p a r t i c u l a t e  matter i n  (from) 
foods and environments. 

- L i m i t  (remove) v iab le  v i r u l e n t  

- L i m i t  (remove) c e r t a i n  v iab le  v i -  
r u l e n t  l i f e  forms, harmful chem- 
i c a l s  and p a r t i c u l a t e  matter i n  
(from) drugs and environments. 

- L i m i t  (remove) c e r t a i n  types of 
gases ,  l i q u i d s  and s o l i d s  on and 
i n  (from) products , environments 
and raw mater ia l s .  

- L i m i t  (remove) c e r t a i n  par t icu-  
l a t e  mater ia l  and chemicals i n  
(from) a i r .  

- L i m i t  (remove) c e r t a i n  p a r t i c u l a t e  
ma te r i a l ,  chemicals, l i f e  forms i n  
(from) na tu ra l  water sources.  

- L i m i t  (remove) v iab le  micro-organ- 
isms on and i n  (from) space ve- 
h i c l e s ,  environments, mater ia l s  
and p a r t s .  

A t  l e a s t  one important observation may be made about contamination 
cont ro l  a s  represented by t h i s  l i s t .  It i s  t h i s :  a narrow view of con- 
tamination control  techniques i s  not poss ib le .  It i s  not possible  t o  
view any technique a s  being exclusively associated with a given area  
because of the s i m i l a r i t y  of the problems a r i s i n g  i n  many areas .  The 
recent  use of laminar a i 5  flow clean rooms i n  medicine provides an ex- 
c e l l e n t  example of t h i s .  Also, i t  i s  not possible  t o  equate contam- 
ina t ion  control with any one technique because of the un ive r sa l i t y  of 
the  f i e l d .  Cleaning, c lean rooms, u l t r a son ica t ion ,  and so forth, a re  
a l l  important i n  addressing the problems of contamination cont ro l .  

Thus, fo r  purposes of t h i s  paper,  contamination cont ro l  i s  viewed 
a s  a broad, important f i e l d  i n  which the problems exh ib i t  a s imi la r  ab- 
s t r a c t  s t ruc ture  and the many techniques f o r  t h e i r  r e so lu t ion  may have 
wide a p p l i c a b i l i t y .  

'McDade, J. J . ,  Whitcomb, J. G . ,  Rypka, E. W . ,  Whitfield,  W .  J .  
and Frankl in ,  C .  M . ,  The Microbial P ro f i l e  of a Ver t ica l  Laminar A i r -  
flow Surgical  Theater, Sandia Laboratories Research Report, SC-RR-F456. 
This paper presents some s p e c i f i c  r e s u l t s  i nd ica t ing  the e f fec t iveness  
of laminar a i r f low i n  ac tua l  su rg ica l  s i t u a t i o n s  and, i n  addi t ion ,  has 
a reasonable bibliography f o r  persons i n t e r e s t e d  i n  pursuing the sub- 
j e c t  f u r t h e r .  
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Planning f o r  Contamination Control. There a re  several  things which 
influence the au thor ' s  be l ie f  t ha t  planning fo r  contamination control  
i s  highly desirable .  I n  t h i s  context,  planning r e f e r s  t o  (1) formulat- 
ing  object ives ,  
ObJectlves i n  some "optimal" fashion, and ( 3 )  deciding how the  a c t i v i t i e s  
a r e  "best" undertaken. 

(2)  determining a c t i v i t i e s  which w i l l  accomplish the 

I f  only one means of resolving a problem i s  ava i lab le ,  then plan- 
ning cons is t s  primarily of (1) deciding whether t o  use it and control  
contamination or  not t o  use i t ,  with the opposite e f f e c t ,  and (2) mak- 
ing arrangements t o  use the one means ava i lab le ,  i f  t ha t  i s  the decision. 
However, when many a l te rna t ive  means of resolving a problem a re  ava i l -  
ab l e ,  then i t  i s  of ten desirable t o  choose the "best" from among a l l  a l -  
t e rna t ives .  The view of contamination control  expressed above, t ha t  i s ,  
a broad f i e l d  of s imi la r ly  structured problems, techniques f o r  whose 
reso lu t ion  may have wide appl icabi l i ty ,  inevitably leads t o  the  conclu- 
s ion  t h a t  there  may be many ways of resolving a given problem. With 
continued technical advances, t h i s  w i l l  become almost a ce r t a in ty :  
leading t o  an increased need for  se lec t ing  a "best" means of  problem res- 
o lu t ion  from among the a l te rna t ives .  Planning plays an important r o l e  
i n  doing t h i s .  

must be enormous. 
275 b i l l i o n  do l l a r s  would be necessary over the next 34 years t o  resolve 
the  a i r  pol lut ion problem.3 
r e l a t e d  t o  "lease cost ,"  one can begin t o  r e a l i z e  the poten t ia l  impor- 
tance of planning. 

The cost  of contamination control  a c t i v i t i e s  i n  t h i s  country today 
For example, i t  has been estimated t h a t  a s  much a s  

I f  "best," i n  the preceding paragraph i s  

Not unrelated t o  the question of cos t  i s  the question of general  
efficiency." Lower cos ts  and, perhaps, g rea te r  r e s u l t s  ( f a s t e r ,  more 

e f f ec t ive )  s t e m  from e f f i c i e n t  act ions o r  a c t i v i t i e s  t o  resolve problems. 
Both technical  and administrative planning tend t o  encourage t h i s  e f f i -  
ciency. 

Thus, planning seems desirable because (1) there  i s  an almost in -  
ev i t ab le  increase i n  the number of ways of resolving problems (stennning 
from the broad view of contamination cont ro l )  and (2)  the poten t ia l  
savings and, possibly,  technical gains,  associated with the e f f i c i ency  
derived from planning seem great .  

should have several  properties:  

11 

A theory of contamination control  adequate f o r  planning purposes 

- a capabi l i ty  of addressing problems before they a r i s e  
- few l imi t a t ions  regarding the  types of contamination o r  control  

- a capabi l i ty  t o  determine "most effect ive ' '  means of achieving 

A l og ica l  f i r s t  s t ep  toward the development of a theory of contam- 

t e  chnique s consider e d 

overa l l  contamination control object ives .  

i na t ion  control  i s  the formulation of a co l l ec t ion  of general object ives  

3The cos t  f igure  given here i s  the l a r g e s t  come across by the 
author.  %is f igure and several  others  may be found i n  Hearings before 
the Subcommittee on A i r  and Water Pol lut ion of the Committee on Public 
Works of the United S ta t e s  Senate, Ninetieth Congress. F i r s t  Session 
on S /80, Par t  2, p.  943. 
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t o  which a l l  persons activelyl engaged i n  t h i s  a c t i v i t y  can subscribe.  
m e n  some means of deriving optimal" a c t i v i t i e s  t o  achieve these objec- 
t i ves  should be found. Accordingly, the remainder of t h i s  paper i s  
devoted t o  a discussion of contamination control  object ives ,  a means 
of r e l a t i n g  these object ives  t o  a c t i v i t i e s  s u f f i c i e n t  f o r  the achieve- 
ment of the objectives,  and the notion of cost-effect iveness  i n  contam- 
ina t ion  control .  

It should be emphasized t h a t  some of the mater ia l  t ha t  follows i s  
subjective i n  character and represents  only the current  views of the 
author. 

?he Systems Philosophy 

broad& view of the subject  being addressed i s  the "systems 
philosophy.'' Rather than appeal t o  other ,  o f ten  conf l ic t ing ,  def in i t ions  
of systems analysis ,  systems s tudies ,  systems engineering, operations 
research,  and so  fo r th ,  a general o u t l i  e of the ''systems philosophy'' 

I n  Theor . One philosophy which typ ica l ly  concerns i t s e l f  with a 

(as seen by the author) i s  given below. z 
A philosophy fami l ia r  t o  men for  several  centur ies  i s  t h a t  of the 

" s c i e n t i f i c  method." In general  , one attempts t o  determine character-  
i s t i c s  of "natural  systems" by enter ing i n t o  a l og ica l  sequence of ac- 
t ions  resembling those shown below. 

THE SCIENTIFIC METHOD 

Natural 
System 

Observe the System 
Model the Sys tem 
Verify the Model 

Draw conclusions about the System 
the Model 

A few comments about t h i s  l i s t  a re  i n  order .  Observation of a 
na tura l  system c lear ly  depends upon a person's a b i l i t y  t o  observe. This 
a b i l i t y  t o  observe i s  not only a function of the s t a t e  of technology and 
the system being observed, but a l s o  of the observer, himself .5 Thus, 
sub jec t iv i ty  i s  inherent i n  observation. 
i s  of ten s t a t ed  "Formulate Hypotheses" .6 
a broad meaning: an abs t rac t  representat ion of the in t e r r e l a t ionsh ips  

The phrase "Model the system'' 
"Model," i n  t h i s  context has 

'Numerous s imilar  descr ipt ions of "operations research ," "systems 
For example: 

( i )  Ackoff, R.  L . ,  "The Development of Operations Research as  a 

( i i )  -odology fo r  Systems Engineering, Van 

analysis" and so fo r th  may be found i n  the l i t e r a t u r e .  

Science ,'I 0 erat ions Research , June 1956 , 4 :  3 , 265-287. 

Nostrand. Princeton. 19bz .  PP. 19  and 140. 
I - A  

( i i i )  Optner , i .  L. , Systems Analysis fo r  Business Management , 
Prentice-Hall ,  Englewood C' l i f ts ,  N. J. , 1960 J P .  3 1 .  

'Weyl , Hermann, Philosophy of Mathematics and Natural Science , 
Princeton University Press, 1949 , Section 1/. 

6For example, ( i i i )  of Footnote 4 .  



being ~ b s e r v e d . ~  
It represents ,  i n  e f f e c t ,  the observer 's  "hypotheses" s t a t ed  i n  some 
abs t r ac t  form. The model i s  very much a function of the observations 
t h a t  a r e  made. Verif icat ion of a model i s  r a the r  d i f f i c u l t ;  science 
deals  with a series of approximations t o  r e a l i t y  r a the r  than with 
"truth." Hence, v e r i f i c a t i o n  r e a l l y  means t h a t  there  have been no re- 
l i a b l e  observations which a r e  i n  contradict ion with the model ( insofar  
a s  the  person doing the modeling knows), and there  have been s u f f i c i e n t l y  
many observations t o  lend credence t o  the be l i e f  t h a t  t h i s  w i l l  continue 
t o  be the case a s  long a s  one's a b i l i t y  t o  observe i s  unchanged. 
v e r i f i c a t i o n  i s  not absolute.  It depends upon personal and s c i e n t i f i c  
judgment and upon one's a b i l i t y  t o  observe. 
normally an exercise i n  log ic ,  but  the completeness of an analysis  can 
o f t en  be questioned. The conclusions a re  statements about the na tura l  
system t h a t  can be made as a r e s u l t  of the analysis  of the model. 
such, they a re  generally no more r e l i a b l e  than the observations, the 
model, and so fo r th .  

Analyze, Conclude i n  precisely t h a t  order.  For example, i f  v e r i f i c a -  
t i o n  of the f i r s t  model i s  impossible, the sequence may be Observe, 
Model, Observe, Model, Verify, and so for th .  Similarly,  i f  the  con- 
c lusions a re  not cons is ten t  with the system being observed, the whole 
o r ig ina l  sequence, or  some portion of it must be repeated. lhus,  the 
s c i e n t i f i c  method i s  a dynamic philosophy which leads  t o  ever b e t t e r  
approximations of " rea l i ty"  based upon judgment and the a b i l i t y  t o  
observe. 

i n  character  t o  the " s c i e n t i f i c  method.X The major difference between 
the two i s  t h a t  the "natural  system" of concern t o  one i n  the s c i e n t i f -  
i c  method i s  re laced by a s stem over which one has some d i r e c t  con- 

Two comments should be made 
about t h i s  notion. F i r s t ,  control  may be possible i n  a t  l e a s t  two ways: 
physical  and mental. 
such a s  "control the humidity," "control the airborne pa r t i cu la t e  matter ,I1 

and so fo r th .  Mental control  r e f e r s  t o  the  a b i l i t y  t o  make decisions such 
as  "use a c l a s s  100 clean room," "Chemically clean the  product," o r  t o  a 
c rea t ive  s o r t  of control  ( for  example, the  a b i l i t y  t o  design a product so  
t h a t  i t  i s  l e s s  l i k e l y  t o  f a i l  from ce r t a in  types of contaminants). The 
second comment about a " p a r t i a l l y  cont ro l lab le  system" i s  t h a t  t h i s  phrase 
i s  r e a l l y  undefined. 
has  ye t  t o  be s a t i s f a c t o r i l y  defined causes some persons discomfort. 
Y e t ,  "natural  system" is ,  it would s e e m ,  equally undefined, and this 
appears t o  bother few people. This difference i n  a t t i t u d e  i s  probably 
due t o  the f a c t  t h a t  numerous "natural  systems" have been invest igated 
by using the s c i e n t i f i c  method, and t h i s  has  provided an i n t u i t i v e  base 
f o r  thinking about "natural  systems." 
t h a t  many f e w e r  " p a r t i a l l y  control lable  systems" have been thoroughly 
analyzed using the "systems philosophy" described below, or  it may s i m -  
p ly  be t h a t  such s tudies  are not y e t  publicized adequately t o  provide 
t h i s  i n t u i t i v e  base f o r  "pa r t i a l ly  cont ro l lab le  systems .I1 

it  i s  hoped t h a t  the lack  of a precise  de f in i t i on  of a "pa r t i a l ly  con- 
t r o l l e d  system" can be compensated f o r  $y the recogni t ion of the s i m i -  
l a r i t y  t o  the  s i t u a t i o n  ex is t ing  f o r  a 

The choice of a model i s ,  again, a matter of judgment. 

'ihus, 

Analysis of a model i s  

As 

In  prac t ice  one may not follow the sequence Observe, Model, Verify, 

I n  "systems philosophy," as seen b the author, i s  very s imi la r  

t r o l :  a "pa r t i a  Y l y  cont ro l la  E: l e  system." 

Physical control  r e f e r s  t o  the a b i l i t y  t o  do things 

Somehow, the f a c t  t h a t  "system," i n  t h i s  context,  

On the other hand, it may be 

I n  any event,  

na tura l  system." 

'For an enlightening discussion about models, see Bross, I . D .  J., 
"Models," an ar t ic le  appearing i n  both: Design f o r  Decision (by I . D . J .  
Bross), Macmillan, New York, 1953, pp. 161-182 , and S c i e n t i f i c  Decision 
Making i n  Business, (ed. Abe Shuclanan) Holt ,  Rinehart, Winston, New York, 
1963 9 PP. 63 - 1 1 -  
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Having some control  over a system normally implies t h a t  t h i s  con- 
t r o l  should be used t o  bes t  advantage; t ha t  i s ,  i f  one i s  dealing with 
a p a r t i a l l y  control lable  system, he should have object ives  s t a t i n g  what 
he des i res  as  a r e s u l t  of h i s  a b i l i t y  t o  control  pa r t s  of the system. 
This i s  a fundamental concept i n  the systems philosophy, which may be 
out l ined i n  the same form as the s c i e n t i f i c  method as  follows. 
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SYSTEMS PHILOSOPHY 

Par t i a l l y  
Controllable 
Sys tem 

Sta te  Objectives ( r e  control)  
Observe the System 
Model the  System 
Verify the Model 
Analyze the Model 

maw Conclusions ( a c t i v i t i e s )  
i, t imize 

In  out l ine ,  the systems philosophy d i f f e r s  from the s c i e n t i f i c  
method i n  two areas .  The f i r s t  i s  a statement of object ives  occasioned 
by the existence of some control  over the system i n  question and the 
second i s  the poss ib i l i t y  of drawing "optimal'' conclusions from the 
modeling representing, i n  some sense, the ' 'best ' '  way t o  achieve the 
object ives .  Fundamentally, the difference i s  deeper because of the 
various possible types of control  and the l a t i t u d e  given i n  considering 
some concept or e n t i t y  a " p a r t i a l l y  cont ro l lab le  system.'' Thus, fo r  
example, the system may be only an abs t rac t ion  whose existence i s  i m -  
p l i ed  by object ives  which s t a t e  i t s  desired proper t ies .  Hence, i n  a 
r e a l  sense, the emphasis i n  the 
i za t ion  of ob 'ect ives  (dealing with control)  through a sequence of 
act ions simi +-li a r  t o  t a t  occurring i n  the s c i e n t i f i c  method. 
conclusions t o  be drawn may deal with the uncontrollable aspects of 
the system to  some exten t ,  the bas ic  conclusion i s  a co l l ec t ion  of 
a c t i v i t i e s  t ha t  , i f  implemented, w i l l  achieve the object ives  "optimally ." 

The comments made about observation, modeling, and s o  f o r t h ,  i n  
the b r i e f  description of the s c i e n t i f i c  method above, apply t o  them as 
concepts i n  the systems philosophy. There a re  some addi t ional  comments 
appropriate here.  Observation, i n  the appl icat ion of the systems phi l -  
osophy, may be an e n t i r e l y  i n t e l l e c t u a l  a f f a i r  i f  the system i n  question 
i s  only a concept. I n  t h i s  case,  v e r i f i c a t i o n  of any model i s  an i n -  
t e l l e c t u a l  a c t i v i t y  e i t h e r  u n t i l  the  a c t i v i t i e s  (conclusions) are  i m -  
plemented and the r e s u l t s  compared with theory or u n t i l  a r e l i a b l e  
means of simulating the outcome a prior! i s  developed. Sometimes the 
nature of the system precludes ever ver i fying the model (e .g. , when the 
necessary tes t ing  would be prohib i t ive ly  expensive). Optimization means 
e s s e n t i a l l y  "se lec t ,  from among a l l  possible a l t e r n a t i v e s ,  one which 
bes t  achieves the objectives." Of course, one must determine what "best' ' 
means, but even when i t  i s  possible t o  do t h i s ,  there a re  several  p i t -  
f a l l s .  F i r s t l S  a l l  possible a l t e rna t ives  a re  probably not known. I f  
they a r e ,  an ommum" may not e x i s t  because of the nature of the prob- 
lem. F ina l ly ,  i f  an "optimum" choice e x i s t s ,  i t  may not be possible t o  
f ind  it  i n  pract ice  because of t heo re t i ca l  or computational i n a b i l i t i e s .  
Thus, the word "optimize," i n  p rac t i ce ,  must be understood t o  imply an 

attempt t o  optimize." The conclusions t o  be drawn are  bas i ca l ly  con- 
cerned with using the control  one has .  Thus they have been termed 
a c t i v i t i e s . "  

must be done i n  order t o  bes t  achieve the object ives .  

systems philosophy" i s  upon the r e a l -  

While the 

I 1  

In  essence,,, the): represent  a statement of what things I I  .E 



The s c i e n t i f i c  method and the systems philosophy are  very s imi la r  
i n  i n t e n t .  There i s  a d i s t inc t ion  between the two i n  a s  f a r  as one can 
d is t inguish  between the invest igat ion of in te r re la t ionships  per se and 
the control  of parameters appearing i n  such re la t ionships .  But =is i s  
of ten d i f f i c u l t ,  i f  not impossible, t o  do. For example, i n  inves t iga t -  
ing in t e r r e l a t ionsh ips ,  there  i s  normally an object ive:  t o  do so i n  
the "best" possible way. Thus, i n  inves t iga t ing ,  one i s  i n  the posi- 
t i o n  of applying the systems philosophy, which surely must have some 
e f f e c t  upon the experimentation. Since a c t i v i t i e s  stemming from both 
philosophies may well  s t e m  from the same model, d i f f e ren t i a t ion  between 
the two may be impossible except by a subjective evaluation of " intent ."  
However, i t  should be emphasized t h a t  the i n t e n t  i n  the systems phi los-  
ophy i s  t o  determine a c t i v i t i e s  which allow one t o  optimally achieve 
obiect ives .  

In  Pract ice .  The systems philosophy, a s  out l ined above, seems 
theo re t i ca l ly  we'll-suited t o  planning: i t s  in t en t  i s  t o  answer the 
question "how should one a c t  in  order t o  optimally achieve h i s  objec- 
t ives?"  But there  i s  another "how" t h a t  seems qui te  apparent. How 
does one apply the systems philosophy? The f i n a l  answer, of course, 
must depend upon circumstances, but  some things may be sa id  about t h i s  
"how." The preceding material  was not new - only the wording, and per- 
haps emphasis, has been a l te red  t o  conform t o  the subject of the paper. 
However, what follows i s  f a i r l y  o r ig ina l ,  and subject  t o  considerably 
more scrutiny! 

In  approaching a system with the systems philosophy, one has given 
a system and object ives .  The object ives  need not be prec ise ,  but should 
convey i n t e n t  about the desired r e s u l t s  of control  of the system. The 
approach out l ined here  w i l l  be t o  operate primarily from the object ives  
with the system providing constraints  upon ac t ions .  Before proceeding, 
a few t e r m s  w i l l  be defined. 

For purposes here ,  an objective i s  considered t o  be a statement 
which contains or implies the existence of var iab le  f ac to r s  and which 
spec i f i e s  some desirable  behavior or value f o r  the var iable  f ac to r s .  
So, f o r  example, the objective " t o  cut  monthly cos ts  i n  the future" con- 
t a i n s  a t  l e a s t  two var iable  factors :  cos t  and time. ?he object ive pos- 
t u l a t e s  t h a t  these a re  r e l a t ed ,  and tha t  a t  some fu ture  t i m e ,  cos t s  
should be lower than a t  the t i m e  the objective was s t a t ed .  Had the ob- 
j e c t i v e  been s t a t ed  " t o  cu t  monthly cos ts  $100,000 beginning next month" 
the existence of the  cos t  and t i m e  var iab les  i s  implied, and t h i s  ob- 
j e c t i v e  spec i f ies  values f o r  the var iab les .  I n  e f f e c t  then, the word 
object ive w i l l  be considered synonomous with a statement ind ica t ing  
desired behavior o r  values fo r  var iab le  f ac to r s  which the object ive 
formulator wishes t o  have controlled,  influenced or  measured. 

a s  object ives  completely s a t i s f y  t h i s  de f in i t i on .  The bas ic  reason f o r  
t h i s  i s  the existence of soc ia l ,  environmental, technological,  and other 
norms which make it  unnecessary t o  s t a t e  the var iable  f ac to r s  and specify 
t h e i r  desired behavior. For example , the  statement " to  determine the 
length of a given room'' might be of t h i s  type. I f  a man i s  already i n  
the room with a tape measure, there i s  an implied desire  fo r  a reason- 
ably immediate answer, f o r  accuracy of measurement compatible with t h a t  
obtained from a tape measure, and f o r  a cos t  commensurate with t h i s  type 
of a c t i v i t y .  

ment frequently pays a penal ty ,  This penalty may be i n  the form of a 

It should be remarked tha t  not a l l  statements commonly thought of 

In  a t t a in ing  an object ive,  the person responsible f o r  i t s  a t t a i n -  
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dol la r  cos t  o r  any other expenditure of resources (time, personnel, 
and so f o r t h ) .  Sometimes the penalty i s  a loss of other  desired goals .  
When an objective involves a desire  f o r  improved ef f ic iency ,  i t  may be 
the case tha t  no penalty i s  incurred by the person responsible fo r  the 
attainment of the object ive.  However, i n  t h i s  case,  i t  may be tha t  other  
persons, contractors f o r  example, sus ta in  a l o s s ,  or penal ty ,  so tha t  
the notion of a penalty can depend highly lipon one's point of view. 

s t a t ed  e i t h e r  by an individual o r  a group act ing i n  unison. 
range from f r e e  object ives  t o  bound object ives .  

need fo r  some general outcome or type of behavior without specifying 
the "amounts." For example, the objective "cut  monthly cos ts  i n  the 
future' '  i s  of t h i s  type. The general i n t en t  of such a statement i s  
c l e a r ,  even though one may meet t h i s  object ive by cu t t i ng  monthly cos ts  
by any amount a t  any future  time. Presumably i t  i s  l e f t  t o  the person 
or persons responsible fo r  achieving the object ive t o  determine what 
reasonable cos t  cuts  are  i n  any given time period. 

I n  general ,  there  i s  a spectrum of types of object ives  t h a t  may be 
These 

Free objectives a re  usually conceptual i n  nature and recognize a 

A bound objective on the other hand, i s  one t h a t  i s  spec i f i c  i n  
nature.  
i s  bound since it requires  few i f  any decisions about the object ive 
i t s e l f  by those responsible fo r  achieving it. 

These have some elements of cons t ra in t  and some elements of choice f o r  
the implementer. 
cos t s  beginning next month .'I 

Free objectives,  as  envisioned here ,  contain a maximum amount of 
var iab le  quant i t ies .  A s  such, f r ee  object ives  may be regarded as  ab- 
s t r a c t  statements of i n t en t  or des i re .  The same f r e e  object ive may 
assume many bound forms depending upon the values or spec i f i c  behavior 
desired fo r  each of the var iab les .  For example, " to  cu t  monthly cos ts  
$100,000 beginning next month'' and " to  cut  monthly cos t s  $25,000 begin- 
ning i n  three months" are  two bound object ives  derived from the f r ee  
object ive " to  cut monthly cos ts  i n  the future." 

It i s  assumed t h a t ,  whenever the systems philosophy i s  employed t o  
determine what a c t i v i t i e s  a re  needed t o  "best" achieve object ives  r e l a -  
t i ng  t o  a p a r t i a l l y  cont ro l lab le  system, ul t imately some object ive or 
object ives  must be bound. 
monthly cos t s  i n  the future' '  i s  s t a t ed  the ult imate determination of 
a c t i v i t i e s  t o  accomplish t h i s  objective involves e i t h e r  an a e r i o r i  or 

%+ given mont and t h i s  l a t t e r  statement may be regarded as  a bound ob- 
j e c t i v e .  Because of our i n t e r e s t  i n  planning, it i s  assumed t h a t  an - a p r i o r i  bound object ive i s  needed. This i s  the a n t i t h e s i s  of taking 
some ac t ion  and then assessing i t s  e f fec t iveness .  

a possible means of r e l a t i n g  object ives  t o  act ions which w i l l  achieve 
them with an acceptable penalty,  and doing so i n  such a fashion tha t  a 
bound objective with an acceptable penalty may be s t a t e d  before the 
advent of any act ion designed t o  meet the associated f r ee  object ive.  

For example, 'cut monthly cos ts  $100,000 s t a r t i n g  next month'' 

There a re  objectives which l i e  somewhere between these two extremes. 

An example of such an object ive might be ' 'cut monthly 

For example, when a f r e e  object ive "cut 

o s t e r i o r i  statement of the spec i f i c  amounts ( t o  be) save3 i n  any 

Accordingly, the emphasis i n  the following mater ia l  i s  on two items: 

The objectives 
primary objectives.  
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a c t i v i t i e s  undertaken t o  control the  system and provide a l so  c r i t e r i a  
against  which the success of the a c t i v i t i e s  may be judged. Normally, 
i n  any la rge  program, one would not expect these object ives  to  be 
d i r e c t l y  achievable, t h a t  i s ,  the means f o r  d i r e c t l y  cont ro l l ing  the  
var iab les  occurring i n  the  object ives  so t h a t  the  object ives  may be 
achieved, a r e  not known. When t h i s  i s  the  case,  the  var iab les  occur- 
r i ng  i n  the object ive must be analyzed t o  determine the a c t i v i t i e s  
necessary f o r  the attainment of the object ive.  

"s igni f icant  factors ' '  which influence t h e i r  attainment.  For example , 
it i s  not unreasonable t o  imagine t h a t  the f ac to r s  "salar ies ' '  and 

The determination of a s e t  of a l l  such "s igni f icant  factors"  i s  of ten 
a matter of judgment. The relat ionships  between the primary object ives  
and the "s igni f icant  factors"  influencing t h e i r  attainment i s ,  s imi la r ly ,  
a matter of judgment, and are  expressed i n  the  form of a model (or mod- 
e l s ) ,  with due consideration being given the system being modeled. 

c e r t a i n  object ives  r e l a t i n g  t o  the s ign i f i can t  f ac to r s  associated with 
the primary object ives .  For example, i f  "salar ies"  and ''purchases" a re  
deemed t o  be the only s igni f icant  cost  f ac to r s  of an organization then 
a model r e l a t i n g  these t o  organizational cos t  might take the  s i m p l e  form 

C = S + P  

The analysis  of primary objectives leads t o  a consideration of the 

purchases" influence the monthly cos t  incurred by an organization. 11 

The desire  t o  a t t a i n  primary object ives  implies the existence of 

where C represents  t o t a l  organizational do l l a r  cos t  per month, S repre-  
sen ts  t o t a l  organizational salary cos t  per month and P represents  the 
t o t a l  purchase cos t  p e r  month. Each of the quan t i t i e s  C y  S and P may 
vary with t i m e ,  o r  

C(t) = S ( t )  + P ( t ) .  

Then, f o r  example, the objective "cut monthly cos ts  i n  the  future" may 
be in te rpre ted  as  specifying tha t  a t  some time T > 0 ,  C(t)  should be 
l e s s  than C(0) f o r  t 2 T. This, of course, i s  only one possible i n t e r -  
p re ta t ion .  In  t h i s  example, S( t )  and P ( t )  represent  the fac tors  which 
influence the achievement of the object ive.  Depending upon the objec- 
t i v e  implementer's decision, the o r ig ina l  object ive,  C(t)  < C(0) f o r  
t 1 T, implies e i t h e r  t h a t  S ( t )  < S ( 0 )  o r  t h a t  P ( t )  < P(0) f o r  t 2 T 
(or both) .  Thus, the o r ig ina l  primary object ive implies the existence 
of object ives  dealing with the s ign i f i can t  f ac to r s  influencing the 
achievement of the primary objective.  

encing the achievement of the primary object ives  a r e  ca l l ed  secondar 
ob 'ect ives .  
Ti%-- es i r ed  mode of behavior or value of the var iab les  representing the t e 
s ign i f i can t  f ac to r s  influencing the achievement of the primary object ive.  
The word var iab les  or parameters i s  appropriate here  as  long a s  the 
s ign i f i can t  f ac to r s  occur i n  some parametric form. This notion i s  out- 
l i n e d  schematically on the next page. 

'Ihe new object ives  associated with the s ign i f i can t  f ac to r s  i n f lu -  

I n  essence, these secondary object ives  a re  statements + a out 
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Primary Objectives \Variables, desired behavior or values1 

//b 
Significant factors influencing the behavior or-values of the primary variables 

/ I  \ \  
Models relating primary variables to the significant factors 

influencing their behavior or values (and specifying the interrelationships 

among the primary variables. ) 

Secondary Objectives / I  !Variables, desired behavior or values! 

Secondary objectives a re  highly dependent upon the nature of the 
primary objective , the choice of s ign i f i can t  fac tors  influencing the 
behavior or possible values of the primary var iab les  and the choice of 
a model t o  r e l a t e  these.  The hope i s  tha t  i f  the secondary object ives  
a re  achieved, the primary object ives  w i l l  be a l so .  This type of be- 
havior i s  evident i n  the simple model used f o r  i l l u s t r a t i v e  purposes 
above; t ha t  i s ,  i f  

( i )  S ( t )  - S ( 0 )  i a ,  

( i i )  P ( t )  - P(0) I b 

and 

( i i i )  a + b < 0 fo r  t 2 T,  

then one must have 

C(t) - C ( 0 )  < 0 for  t 2 T 

I f  S ( t )  and P ( t )  are the only s ign i f i can t  f ac to r s  influencing C( t ) ,  and 
i f  the simple model represents  the re la t ionship  i n  existence between 
these,  then the attainment of a l l  of the three secondary object ives  
given above implies the attainment of the primary object ive " t o  cut  
monthly cos ts  i n  the future." 

A similar  analysis  of the secondary object ives  may then be under- 
taken. This analysis  y ie lds  a co l lec t ion  of t e r t i a r  ob 'ect ives  which 

t i ves  do t o  primary object ives .  
4th l eve l  objectives,  5th l eve l  object ives ,  and so f o r t h .  

or branching s t ruc ture .  That i s ,  a s ingle  primary object ive may y ie ld  
several  secondary object ives  each of which, i n  tu rn ,  may y ie ld  several  
t e r t i a r y  object ives ,  and so fo r th .  Thus the s t ruc ture  i s  s imilar  t o  
t h a t  shown on the next page. 

play the same ro le  t o  the secondary object ives  +--%--- as  t e secon ary objec- 
This process may be continued t o  y ie ld  

One feature  of a process such as  t h i s  i s  tha t  i t  has  a t r ee - l ike  
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! a  I 

I 

Primary object ives  

Secondary object ives  

Ter t ia ry  object ives  

Clearly there  i s  no advantage t o  a scheme such as  t h a t  out l ined 
above unless it a ids  one i n  determining what a c t i v i t i e s  can be under- 
taken t o  achieve the primary objectives with an acceptable penalty. 

I n  order t o  see how i t  mlght do t h i s ,  the var iab les  associated with 
any object ive a re  divided i n t o  two c lasses :  those var iab les  which a re  
actionable and those which a r e  not. An actionable var iable  i s  one which 
can be d i r e c t l y  control led or measured. A s  discussed e a r l i e r ,  control  
may occur i n  one of two ways and i s  a f a i r l y  subjective matter.  
c a l  act ion may be taken t o  control the var iab les  i n  a predictable  
fashion, or  the var iab les  may be control led by f i a t  (e.g., a decision 
about the magnitude of the var iab le) .  
one has  no cont ro l ,  and these are actionable i f  they can be d i r e c t l y  
measured with an acceptable degree of accuracy. An example of an ac- 
t ionable  object ive i s  the objective 

Physi- 

There may be var iab les  Over which 

a +  b <  0 f o r  t 2 T, 

above, since t h i s  may be control led by the person performing the analy- 
sis .  

The i n t e n t  i n  constructing a t r ee - l ike  hierarchy of program objec- 
tives i s ,  then, t h a t  each branch of the t r e e  should ul t imately terminate 
with an object ive each of whose var iab les  i s  act ionable .  If t h i s  can be 
done, then one has a scheme which r e l a t e s  the primary object ives  of the 
program t o  a c t i v i t i e s  t ha t  must be taken i n  order t o  achieve these p r i -  
mary object ives .  Such a statement must be tempered by the r e a l i z a t i o n  
t h a t  i t s  v a l i d i t y  depends upon the completeness of the sets of "signi- 
f i c a n t  factors" and the  appropriateness of the choices of the models 
occurring throughout the s t ruc ture .  

achieve them has been considered. N o  a t t en t ion  has  been given t o  the 
p o s s i b i l i t y  t h a t  the necessary act ions w i l l  involve too g rea t  a penalty.  
Formation of a t ree- l ike  hierarchy of object ives ,  each branch of which 
terminates i n  object ives  containing only actionable var iab les ,  may be 
accomplished independent of the loca t ion  of the primary object ives  on 
the free-bound scale .  The simple i l l u s t r a t i o n  ' ' to cu t  monthly cos ts  i n  
the future" i s  an example involving a f r e e  primary object ive.  

t i v e s  i n  the hierarchy a re  f r ee  a l so .  I n  p a r t i c u l a r ,  terminal object ives  
involve actionable var iab les  whose desired modes of behavior or values 
a re  spec i f ied  abs t r ac t ly ,  as for example i n  the simple model presented 
e a r l i e r  where S ( t )  < S ( 0 )  or p ( t )  < P ( 0 ) .  I n  t h i s  simple example, t o  
have a bound primary object ive,  one must specify how much l e s s  C ( t )  
should be than C(0) when t 2 T,  and T must a l s o  be specif ied.  This can 
ce r t a in ly  be done d i r e c t l y ,  o r  it can be done by specifying T and the 

So f a r ,  only the r e l a t i n g  of object ives  to  act ions designed t o  

When one begins with f r ee  primary object ives ,  then a l l  other objec- 
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re la t ionships  between S ( t )  and S(0) and between P ( t )  and P(0). I f ,  fo r  
example we l e t  

~ ( 0 )  - S( t )  = a 

and 

P(0) - P( t )  = b 

and i f  there a re  pena l t ies  known f o r  values of a and b a s  shown below, 
then an analysis  may be performed t o  obtain the optimum a and b fo r  a 
given requirement on 

a + b = C(0) - C( t ) .  

a- b-, 

There may be a d i f fe ren t  s e t  of such curves fo r  each spec i f i c  value of 
T. Thus f o r  each bound primary object ive,  t ha t  i s ,  spec i f ica t ion  of 
C(0) - C(t) = a + b and T ,  one can determine the minimum penalty t h a t  
must be incurred t o  achieve the spec i f i c  values .  I f  there i s  then a 
y t i f i t y  associated with each possible combination of C(0) - C(t)  and T ,  
it i s  possible to  choose some combination f o r  which the u t i l i t y  per 
u n i t  penalty i s  maximal. 
measure, i t  i s  s t i l l  possible t o  choose a t  l e a s t  one combination of 
C(0) - C(t)  and T which has an acceptable penalty associated with i t .  
Thus, the objective hierarchy may be useful  both i n  r e l a t i n g  object ives  
t o  a c t i v i t i e s  designed t o  achieve them and a l so  i n  determining bound 
pragram objectives which have acceptable associated penal t ies .  When 
u t i l i t i e s  f o r  spec i f ic  primary object ives  a re  known, an "optimal" solu- 
t i o n  may be obtainable. 

I n  general ,  the objective hierarchy terminates i n  a co l lec t ion  of 
object ives  each of which may be d i r e c t l y  achieved ( i . e . ,  they possess 
only actionable var iab les ) .  These a re  normally f r ee  object ives  i n  t h a t  
they a re  s t a t ed  i n  some abs t r ac t  parametric form, as  the example above 
i l l u s t r a t e s .  

In  the absence of a well-defined u t i l i t y  

For any assignment of spec i f i c  parameter values i n  a l l  of these 
terminal object ives ,  one can determine the resources n e e m  t o  achieve 
them. Notationally, i f  SI, ..., BM represent  the var iab les  occurring i n  
the terminal objectives,  i n  theory one can obtain an approximate penalty 
function 
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by (1) determining the "best  way of achieving the terminal object ives  
as  a function of the values of the var iables  occurring i n  them, 

(2) l i s t i n g  the resources needed fo r  the attainment of the terminal 
object ives  individually (as  a function of the parameters) , 

(3) eliminating "redundancy1' i n  resources (for example, i f  a c e r t a i n  
f a c i l i t y  may be used to  control  two var iab les ,  possibly occurring 
i n  d i f f e ren t  terminal object ives ,  it i s  included i n  t o t a l  re- 
sources only once) 

( 4 )  t r ans l a t ing  t o t a l  resource expenditure i n t o  penalty un i t s .  

Then, f o r  bound (specif ic)  primary object ives ,  one i s  attempting t o  de- 
termine spec i f i c  values fo r  the parameters B , . . . ,BM so t h a t  the p r i -  
mary object ives  a re  achieved and P(B1, . . . , B M ~  i s  minimal. 
t i a l l y  determines the lloptimalll a c t i v i t i e s  needed fo r  the achievement 
of any bound primary objectives.  

one may vary the spec i f i c  values appearing i n  them and determine the  
penalty associated with lloptimalll attainment of each bound object ive 
so obtained. I f  u t i l i t i e s  f o r  bound primary object ives  a re  known, then 
a u t i l i t y -pena l ty  ana lys i s  may be performed t o  determine "best" primary 
object ives .  I f  u t i l i t i e s  a r e  not known, one s t i l l  may seek a bound p r i -  
mary object ive having an "acceptable" penalty associated with i t s  
achievement . 

This essen- 

Final ly ,  t o  a i d  i n  se lec t ing  acceptable bound primary object ives ,  

The approach t o  u t i l i z a t i o n  of the systems philosophy out l ined 
above gives one a framework with which t o  answer the question "how does 
one implement the systems philosophy?" 
problem t o  one of finding s igni f icant  f ac to r s  and models t o  subproblems. 
I n  prac t ice ,  t h i s  seems t o  provide more order t o  the use of the systems 
philosophy. The "model" of the systems philosophy becomes, i n  t h i s  
context,  a co l lec t ion  of models associated with the objective hierarchy.  
Optimization takes the form of a u t i l i t y -pena l ty  analysis  of the h i e r -  
archy, and the conclusions ( a c t i v i t i e s )  a re  determined by the act ion-  
ab le  var iab les .  The "pa r t i a l ly  cont ro l lab le  system" appears throughout 
the  hierarchy a s  a cons t ra in t  upon the "s igni f icant  factors ' '  and the 
models t h a t  a r e  chosen. 

This i s  done by changing the 

A Systems Approach t o  Contamination Control 

General Comments About an Objective Hierarchy. Early i n  the paper, 
i t - w a s  pointed out t ha t  contamination control  w a s  generally concerned 
with l i d t i n g  o r  removing s o l i d  mat ter ,  gases or  l iqu ids  i n ,  on o r  from 
other  so l id s ,  gases and l iquids .  But, i s  t h i s  a su f f i c i en t  descr ipt ion 
of contamination control  planning obizct ives? 
not ;  since t h i s  statement r ea l ly  y i e  s no way of determining the  
amount of control  needed - an e s sen t i a l  f o r  planning. 

The answer i s ,  probably 

The f a c t  i s  t h a t  contamination cont ro l  i s  a f i e l d  which serves 
higher objec t ives ,  and i t s  r o l e  i s  bes t  understood by considering these 
object ives .  I f  there  were no e n a l t  associated with the exis tence of 

contamination control .  The following l i s t  gives some indica t ion  of the 
types of pena l t i e s  encountered i n  areas  where contamination cont ro l  is 
pract iced.  

contamination i n  a given s i tua t ion  w t en there  would be no reason f o r  
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Penal t i e s  Area 
Medicine 

Foods 

Drugs 

Manufacturing 

A i r  Pollution 

Water Pollution 

- l o s s  of hea l th  
- death 
- needless suffer ing 

- l o s s  of hea l th  
- death 
- unfavorable FDA act ion 
- l o s s  of business 

- l o s s  of hea l th  
- death 
- unfavorable FDA ac t ion  
- loss  of business 

- product f a i l u r e  
- unnecessary expense 
- l o s s  of hea l th  
- unfavorable government ac t ion  
- loss of business 

- l o s s  of hea l th  
- human inconvenience 
- l o s s  of nat ive f l o r a  
- e s t h e t i c  l o s s  

- l o s s  of heal th  
- death 
- l o s s  of nat ive b io t a  
- e s t h e t i c  loss 
- l o s s  of recrea t iona l  areas 

Planetary Quarantine - l o s s  of s c i e n t i f i c  information 
about planets  

Thus, contamination control  a c t i v i t i e s  a re  desired i n  each area because 
of the penalty associated with the lack  of them. But more than t h i s ,  
i n  any given s i tua t ion  the penalty tha t  one pays depends upon the amounts 
of Contamination of various kinds t h a t  a re  present .  For example, i n  
many medical s i t ua t ions  the "normal" environmental in fec t ious  contamina- 
t i on  f o r  most micro-organisms i s  acceptable without measurable penalty,  
whereas i n  others (severe burns , t ransplan t  pa t i en t s )  in fec t ious  contam- 
ina t ion  shouldbe  as  low as possible because of the severe penalty i f  
the s i t u a t i o n  i s  otherwise. 

Hence, not only do penal t ies  imply the possible need f o r  control  
but they a l s o  give some ins ight  i n t o  "acceptable" l eve l s  of contamina- 
t ion .  This i s  important €or planning a c t i v i t i e s  i n  contamination con- 
t r o l  since the control  technique chosen must depend upon the amount of 
contamination tha t  i s  permissible,  and the cos t  incurred i n  contamination 

0 
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control  w i l l  be a function of the  control  techniques chosen. Thus, 
t o  plan fo r  contamination control,  one must have some knowledge of 
''acceptable" l eve l s  of contamination. 
edge of "acceptable" l eve l s  of contamination w i l l  come from persons 
outside of the contamination control  area.  
ably take a medical s p e c i a l i s t  t o  determine "acceptable 
of a i r  contaminants when the penalty f o r  t h e i r  existence is  primarily 
medical i n  character.  
dependent upon the existence of pena l t ies  incurred i n  i t s  absence. 

It might be expected t h a t  knowl- 

For examplelI it would prob- 
l eve l s  of types 

Nevertheless, contamination control  i s  highly 

With t h i s  i n  mind, one goal of contamination control  a c t i v i t i e s  is: 
Goal 1. 

There a re  other goals a l so .  
associated with the control of contamination as w e l l  a s  with i t s  ex is -  
tence since control  -y requires  an expenditure of resources. 
Hence, i n  planning f o r  contamination control ,  one wishes also:  
Goal 2.  

To control  contamination so tha t  the payment of unacceptable 
pena l t ies  due t o  contamination i s  avoided. 

For example, there  i s  usual ly  a penalty 

To achieve Goal 1 so t h a t  the penalty associated w i t h  the con- 
t r o l  a c t i v i t i e s  i s  acceptable. 

Not surpris ingly,  planning must a l so  concern i t s e l f  with the t o t a l  
acceptab i l i ty  of both of these pena l t i e s .  I f  both the  penalty for- 
exis tence of contamination and the  penalty f o r  cont ro l l ing  contamination 
can be expressed i n  common uni t s  (do l la rs ,  fo r  example) then the s i tua-  
t i o n  might resemble t h a t  shown i n  the  f igu re  below. In t h i s  f igure ,  i t  
i s  assumed tha t  the "amount" of contamination tha t  i s  acceptable depends 
not only upon the  penalty one pays due t o  i t s  exis tence,  but a l so  upon 
the  penalty one pays f o r  i t s  control.  Thus the  "acceptable amount" may 
be t r ea t ed  as a va r i ab le  u n t i l  both these things a r e  known a s  a function 
of "acceptable amount .I1 

Penalty 

"Amount" of Accept able" Contamination 

Legend: penalty f o r  control  - -- penalty f o r  exis tence 
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I n  t h i s  simple i l l u s t r a t i o n ,  the t o t a l  acceptable penal ty ,  which , 
inc identa l ly ,  i s  a decision i n  t h i s  s e t t i n g ,  must be compared with the 
curve representing the sum. I f  t ha t  curve i s  always above (greater  
than) the t o t a l  acceptable l e v e l  , then the problem cannot be resolved 
without a l t e r i n g  the notion of acceptab i l i ty  or finding means of con- 
t r o l  with a lower associated penalty. Thus, while it i s  appropriate 
t o  consider the penalty from the existence of contamination, and i t s  
acceptab i l i ty ,  e r  se these w i l l  of ten be influenced by the penalty 
paid for  c o n t r o k  example, i f  the maximum acceptable probabi l i ty  
of f a i l u r e  of a device from a contamination f a i l u r e  mode i s  i n i t i a l l y  
assumed t o  be 10-3, but i t  i s  l a t e r  found t h a t  the cos t  of a t t a in ing  
t h i s  l eve l  (by control l ing contamination) i s  ten t i m e s  t h a t  associated 
with 3 x 10-3, one might wish t o  reconsider h i s  o r ig ina l  notion of 
acceptab i l i ty .  Generally speaking, the notion of acceptable pena l t ies  
associated with the existence of contamination involves some elements 
of judgment. 

Often, curves l i k e  those i n  the above f igure  a r e  not ava i lab le :  
e i t h e r  because the penalty un i t s  a re  d i f f e ren t  f o r  the existence and 
control  of contamination or because the penalty associated with the 
existence of contamination i s  not thoroughly understood. The l a t t e r  
might be the case, for  example, i n  planetary quarantine.  In  any event ,  
the penalty paid fo r  control  should be considered i n  planning fo r  con- 
tamination control .  

Before attempting t o  formulate general primary object ives  f o r  con- 
tamination control,  i t  i s  convenient t o  note tha t  the ac tua l  achievement 
of Goal 1 i s  often d i f f i c u l t  t o  determine. This i s  s o  f o r  a t  l e a s t  two 
reasons. F i r s t ,  it i s  generally not possible t o  monitor or measure 
amounts of contamination exact ly  because of the inadequacy of measure- 
ment techniques, the complexity of the t o t a l  system (including control  
environments, nature of contamination) and so fo r th .  Secondly, i n  many 
contamination control s i t ua t ions  i t  i s  not possible t o  obtain s u f f i c i e n t  
data  about the adequacy of the contamination control  undertaken, i n  terms 
of r e s u l t s ,  t o  know with ce r t a in ty  tha t  the goal has been achieved. 
Planetary quarantine may, again,  be such a s i t u a t i o n .  Thus, i t  may be 
more appropriate t o  speak of the probabi l i ty  of achieving Goal 1, and 
t h i s  goal may be rephrased: 

OBJECTIVE 1: To control  contamination so t h a t  the probabi l i ty  
P r  {payment of unacceptable pena l t ies  from contamin- 
a t ion /  5 E . 

This form has cer ta in  advantages i n  t h a t  i t :  
- recognizes the possible uncertainty 

i n  knowledge about the achievement 
of Goal 1, and 

between E and the penalty f o r  con- 
t r o l l i n g  contamination. 

- allows fo r  t rade-offs  t o  be made 

Combining Objective 1 with Goal 2 leads t o  the object ive statement 
A CONTAMINATION CONTROL OBJECTIVE. To control  contamination so t h a t  

without incurr ing unacceptable 
pena l t ies  as  a r e s u l t  of the 
control  a c t i v i t i e s .  

pr {payment of unacceptable pena l t ies  from contamination) S E  
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The nature of t he  control  t o  be exercised, the control  a c t i v i t i e s ,  are  
unknowns i n  t h i s  object ive,  :nd the object  i s ,  i n  essence, t o  determine 
them. Hence, control' ' and control a c t i v i t i e s "  represent  var iab les  i n  
the objective.  There a re  other var iab les  as  w e l l .  Because of the i n t e r -  
dependence of the "acceptable penalties" of both types,  i t  i s  undesirable 
t o  make these spec i f i c  u n t i l  the in t e r r e l a t ionsh ip  i s  understood. Thus, 
"acceptable penalties' '  i n  both usages i n  the objective i s  a var iab le .  
Also, the parameter E i s  a var iable  s ince ,  general ly ,  the penalty in -  
curred from control  depends upon the value of E ,  and i t  i s  desirable  t o  
understand the functional re la t ionship  between the  two t o  a i d  i n  de- 
c iding what the ult imate value of € should be. Certainly there w i l l  be 
o ther  information avai lable  t o  a i d  i n  t h i s  a l so .  I t s  possible t h a t  

sect ion.  F ina l ly ,  the probabi l i ty  

must be regarded a s  a var iable  because one presumably has some control  
over i t s  value. 

contamination," i t s e l f ,  i s  a var iable  i n  the sense of the preceding 'I 

F'r {payment of unacceptable pena l t ies  from contamination1 

In  constructing an objective hierarchy from the Contamination Con- 
t r o l  Objective j u s t  s t a t ed ,  i t  i s  convenient t o  note t h a t  the second 
p a r t  of the object ive,  corresponding t o  Goal 2 ,  need not be included 
i n  t h e  primary object ive of the hierarchy. This occurs because a h i e r -  
archy constructed from Objective 1, y ie lds  a means of a t ta in ing  the 
second p a r t  of the Contamination Control Objective a s  outlined i n  the 
previous section. Thus, it i s  necessary only t o  construct  the objec- 
t ive hierarchy from Objective 1. 

the primary object ive t o  be analyzed takes the form: 

I f  Pun i s  used t o  designate 
P r  {payment of unacceptable pena l t ies  from contamination\, 

A s  we begin t o  construct an objective hierarchy from t h i s  primary ob- 
j e c t i v e ,  i t  i s  worth r e i t e r a t i n g  t h a t  

- the choices of models and s ign i -  
f i c a n t  f ac to r s  a re  subject ive 
mat te rs ,  and 

- i n  ac tua l  usage, these choices 
would be r e l a t e d  t o  the spec i f i c s  
of the s i t u a t i o n .  

Thus, only a few ''levels' ' of the t r e e  w i l l  be constructed as  a means of 
i l l u s t r a t i n g  the re la t ionship  between contamination control  techniques 
and a c t i v i t i e s  t o  general object ives .  

Pun be? Some fac to r s  which must ul t imately influence i t s  behavior a re  
What might the s ign i f icant  f ac to r s  influencing the behavior of 

- The ways i n  which unacceptable 
pena l t ies  may be incurred from 
contamination, 

- Tyres and amounts of contamination 
involved i n  these ways of incur- 
r i ng  unacceptable pena l t i e s ,  and 

- Sources of the  types of contamin- 
a t ion  being considered. 
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Suppose there a r e  N independent ways of incur r ing  unacceptable 
pena l t i e s  from contamination, and t h a t  an unacceptable penal ty  i s  i n -  
curred ove r -a l l  i f  an unacceptable penalty i s  incurred i n  any of these 
N possible  ways. "Independent1' means , roughly, t h a t  incur r ing  an un- 
acceptable penalty i n  one way does not  influence the p robab i l i t y  of 
incurr ing an unacceptable penalty i n  any other  way. Let 

(i) - represent  the p robab i l i t y  of pay- ', ment of unacceptable pena l t ies  
from contaminating the i t h  way. 

Here, i = 1, 2 ,  ..., N .  A simple example of t h i s  s i t u a t i o n  might be a 
system containing two valves i n  which the system f a i l s  whenever e i t h e r  
valve f a i l s  and i n  which the f a i l u r e  of one valve does not  influence 
the behavior of the other  valve.  

Then the Pun (i) , i = 1, 2 ,  . . . , N ,  may be regarded a s  a s e t  of "s ig-  

n i f i c a n t  factors"  influencing Pun. Under the condi t ions imagined, the 
I . \  

r e l a t ionsh iv  between the PA;) and Pun may be 

Since Pun i s  desired t o  be no grea te r  than E 

N 

i=l 

or 
N 

i=l 
n [l - P q  un ? 1 - E 

This r equ i r e s ,  i n  e f f e c t ,  t ha t  f o r  i = 1, 2 ,  

where 
N 
n ( L E i )  2 1 - E 

i=l 

Thus, there  a re  N + 1 secondary objec t ives  

(5) 
'un 

expressed 

Y 

..., N ,  

..., N 

and 
N 
n , ( L E i )  L 1 - E .  

i=l 

If these a re  s a t i s f i e d ,  then Pun 5 E , a s  des i red .  
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Hence, the f i r s t  l eve l  of' the object ive hierarchy may be represented 
schematically as 

Primary Obiectives : Pun 5 € 

Model : Pun = 1 - n ( i ) ]  
i=l [1 - pun 

(Significant Factors Pun (5)) 

M 

i=l 
secondary Objectives: P(i) 5 EiY n (1-ci)  2 1- e. un 

N 

i=l 
The secondary objective n ( l - E i )  2 1-€ 

contains only actionable var iables  i n  the sense t h a t  one can presumably 
force t h i s  t o  be the case i n  h i s  ana lys i s .  
undergo no fu r the r  analysis .  
secondary object ive 

ll-ius t h i s  object ive need 
Hence, l e t  us proceed t o  analyze the 

L e t  us suppose t h a t  there a re  Mi types of contamination which w i l l  con- 
t r i b u t e  t o  the  payment of unacceptable pena l t ies  i n  the i t h  way. Then, 
suppose t h a t  

( i )  Pun ~ I Y  a 2 , * * * ,  aMi 

- the  probabi l i ty  of incurring unacceptable pena l t ies  i n  the ith 
way when there i s  an amount a 

( j  = 1, ..., Mi) available f o r  the ith way of incurring penal t ies ,  

of the jth type of contamination j 

and 

P i  (a19 a29-**9 a M i  
- the  probabi l i ty  tha t  an amount a 

t i o n  (J=l,. . . 
penal t ies  

of the jth type of contamina- j 
Mi) is avai lable  f o r  the ith way of incurr ing 

a r e  known. 
range s 

I f  the possible amounts, a j  a r e  d i sc re t e  valued and l i e  i n  
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Hence, one may consider the 2 N  p robab i l i t i e s  

(i) (ai  ,..., aMi), i = 1, ..., N 'un 

as  s ign i f i can t  fac tors  influencing the attainment of the secondary ob- 
j e c t  ives 

(j-1 5 c i ,  i = 1 , ~  ,... , N. 'un 
The secondary object ives ,  j u s t  s t a t e d ,  imply conditions on the behavior 
of the probab il i t i e s  

Pi:) ("1, . . . , aMi) and 

P i  (a1 3 ,aMi) 

as functions of the "amounts" a l , a 2 ,  ..., aMi. 
the t e r t i a r y  object ives ,  and usually t h e i r  exact form w i l l  be in f lu -  
enced by the spec i f ic  nature of the system i n  question. N o  attempt w i l l  
be made t o  derive them here i n  any general form. However, the t e r t i a r y  
object ives  w i l l  involve specifying behavior fo r  these 2 N  p robab i l i t i e s ,  
so t h a t  analysis  of them i s  appropriate.  

These conditions become 

I n  order t o  determine the s ign i f i can t  fac tors  influencing the be- 
th  havior of Pi(a1,  ..., aM. ) ,  the probabi l i ty  t h a t  an amount a of the j 

type of contamination ( j  = 1,. . . ,Mi) i s  avai lable  fo r  the ith way of 
incurr ing penal t ies ,  i t  seems reasonable t o  consider sources of contam- 
ina t ion .  Suppose there a re  K sources of contamination i n  the system, 
each of which may supply any or a l l  per t inent  types of contamination. 
Suppose fur ther  t h a t  they a re  independent sources i n  the sense t h a t  the 
e f f e c t  of any one source upon the ith way of incurr ing penal t ies  i n  no 
way influences the e f f e c t  of any other source. 
source one ge ts  an amount b 
determines an array 

1 j 

men,  i f  from the kth 
of the jth type of contamination, t h i s  j k  

bll b21 ,  9 b M i l  

b12 Y b22, > b M i 2  . 
blK, b2K,*** '  bMiK 
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Suppose one has  knowledge of the probabi l i t i es  

- the probabi l i ty  tha t  amounts, bjk, of the jth type of contamina- 
t i o n  from the kth source a r e  avai lable  f o r  the ith way of incur- 
r i ng  penal t ies ,  

(where k = 1, ..., K) f o r  a l l  possible arrays of the type above f o r  which - 
K 

k=l 
b jk  = a j ,  j = l,..., Mi. 

Then 

where the summation extends over the s e t  s2 of a l l  K-by-Mi arrays 
IlbjklI  fo r  which 

K 

A t  t h i s  point ,  the  objective hierarchy i s  adequately developed t o  
allow some ins ight  i n t o  the re la t ionships  ex i s t ing  between general ob- 
j e c t i v e s  and contamination control a c t i v i t i e s .  While these r e l a t ion -  
ships  a re  t o  be viewed as  a consequence of a number of assumptions 
(N,Mi and K: known, ways of incurring penal t ies ,  sources: independent) 
it i s  very l i k e l y  the case tha t  a s imilar  hierarchy e x i s t s  when the 
assumptions a re  not v a l i d .  In  t h i s  case,  d i f f e ren t  models would be 
needed, but the nature of the parameters would probably not undergo 

s ignif icant ' '  change. ' 1  

Referring t o  the objective hierarchy reproduced on the next page, 
i t  may be viewed i n t u i t i v e l y  as follows. The primary object ive i s  of 
a general  nature: control  contamination t o  keep the l ikel ihood of i n -  
curr ing unacceptable pena l t ies  a r i s i n g  from i t s  existence small ( l e s s  
than "e") .  
incurred i n  several  ways, and the secondary object ives  a re  statements 
implying a desire  t o  maintain the l ikel ihood of incurr ing unacceptable 
pena l t ies  i n  any way small (the i t h  way l e s s  than ET). 
E i ,  i n  t h i s  case,  i s  d i r e c t l y  r e l a t ed  t o  the o r ig ina l  quant i ty  e .  A t  
the t h i r d  l e v e l ,  i t  was postulated t h a t  the penalty incurred i n  any of 
the possible ways depended upon the t e and amount of contamination 
ava i lab le  ( for  each way). A c c o r d i n g e t h e  t-evel object ives  be- 
come statements about (a) the l ikel ihood of incurr ing unacceptable 
pena l t ies  i n  each way from defined types and amounts of contamination, 
and (b) the l ikel ihood of actual ly  havin c r t a i n  amounts of various 

able pena l t ies .  These objectives were not e x p l i c i t l y  s t a t e d  because 
the nature of the system w i l l  influence t h e i r  exact form. F ina l ly ,  a t  
the fourth l e v e l ,  the existence o r  a v a i l a b i l i t y  of c e r t a i n  amounts of 
various types of contamination was postulated t o  depend upon the sources 

It was then postulated tha t  unacceptable pena l t ies  could be 

The "smallness," 

types of contamination available f o r  +* t e it fi way of incurr ing unaccept- 
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P < E  u n  - P ri ma ry Object i ve : 

Model : 

I \  
2nd Objectives: P(’ )  < un - i = I ,  ..., N 

3rd Objectives(re): Pun (i 1 ( a  ,,..., a Mi ) a n d  Pi(al 9 ‘  * ,aMi 1 

I \  
i = 1,  ..., N i = 1 ,  ..., N 

Model : 

I 4th  Objectives ( re)  : 

i = 1 ,..., N, k = 1 ,..., K 

\ 
/’ 

Types 
I / 

Sources, From source t o  way 
pe r  se o f  i ticurti ng penal t i e s  

Control Tech n i q u  es 
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of contamination. A s  a r e s u l t ,  the  fourth l e v e l  objectives become 
statements about the l ikelihood of ce r t a in  amounts of contamination of 
various txpes being (5) available a t  each source, and ( i i )  capable of 

reaching the various ways of incurr ing unacceptable pena l t ies .  A t  
each l e v e l ,  the postulates  j u s t  mentioned represented the assumption 
of the "s igni f icant  fac tors  I n  each case,  
mathematical models w e r e  used to  r e l a t e  these s ign i f i can t  f ac to r s  t o  
the preceding var iab les .  A t  one , an actionable objective (con- 
t a in ing  only actionable variablesyoint was found, and, i n  a l l  p robabi l i ty ,  
there  would have been others  had the t h i r d  and fourth l e v e l  object ives  
been s t a t ed  precisely.  In general ,  the object ive hierarchy i s  compati- 
b l e  with the theory out l ined i n  the sect ion on "The Systems Philosophy." 

Let us examine the consequences of developing the hierarchy t h i s  
f a r .  Down the r i g h t  branches of the hierarchy (through sources"), 
one's only concern i s  with sources of various types of contamination, 
and the a v a i l a b i l i t y  of contamination from these sources fo r  the va r i -  
ous ways of incurr ing unacceptable pena l t ies .  
with these items ( a t ,  i n  f a c t ,  the f i f t h  l eve l )  are  a t ta inable  i n  one 
or both of two broad ways. The f i r s t  i s  physical control  of contamina- 
t i on .  This may be accomplished a t  i t s  source or  somewhere "between" the 
sources and the ways of incurring unacceptable pena l t ies .  The second 
i s  a "design" control  t o  be discussed l a t e r .  
i n  any s e c i f i c  problem, would pe r t a in  t o  the "allowable" amounts (para- 
metrical-m any source or between any source and any way of incur- 
r i n g  unacceptable penalties. Thus, hopefully,  one could determine the 
best"  means of control  as a function of the o r ig ina l  E .  Then E could 

be determined a s  a function of the penalty paid fo r  control .  

This "optimization" cannot be accomplished, however , without con- 
s idera t ion  of the l e f t  branches of the t r e e .  In t h i s  branch, one i s  
concerned with the l ikel ihood of incurr ing unacceptable pena l t ies  from 
each way of doing so when there i s  a c e r t a i n  amount of each per t inent  
type of contamination present.  In any spec i f i c  problem, one would hope 
t o  be able t o  determine t h i s  through fu r the r  ana lys i s  coupled with ex- 
perimentation. But there  i s  a poten t ia l  contamination control  problem 
here  t h a t  i s  of ten  overlcoked. I f  the system i s  not completely designed, 
the p o s s i b i l i t y  of control  in these branches e x i s t s .  That i s ,  one may 
be able t o  des i  n the system so  t h a t  the l ike l ihood of incurr ing unac- 

though the amount of many or a l l  types of contamination i s  la rge .  

Similarly,  the number and nature of sources,  number and nature  of 
the ways i n  which unacceptable pena l t ies  may be incurred, and types and 
modes of t ranspor t  of contamination ava i lab le  may possibly be control led 
through des i  n. Thus, a s  might be i n t u i t i v e l y  obvious, system charac- 

through decisions,  these e c i s i o n x o u l d  be made so t h a t  the f i n a l  
physical  control  of contamination has  a small penalty associated with 
i t  ( insofar  as  possible) .  

b l e ,  a t  l e a s t  i n  theory, t o  

11 

appearing i n  Section 11. 

Objectives associated 

The f i f t h  l e v e l  object ives ,  

I 1  

ceptable pena + t i e s  from various types of contamination i s  small even 

+ t e r i s t i c s  -I-a i n  uence the com l e t e  t r e e .  When these may be control led 

To r e i t e r a t e ,  using an approach such a s  t h i s ,  i t  should be possi-  

- determine "optimal" means ( a c t i v i t i e s ,  equipment, e t c  .) needed 
t o  achieve the contamination control  object ive f o r  a given E 
(allowable uncertainty i n  incurr ing unacceptable pena l t ies )  , 

- allow one ins ight  i n t o  the dependence of E ,  and, indeed, the 
de f in i t i on  of an "unacceptable penalty from contamination," upon 
the penalty paid f o r  control l ing contamination, 
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- help one assess  the ef 'fect  of system design upon contamination 

- a i d  i n  recognizing areas  i n  need of inves t iga t ion ,  and 
- provide a common framework i n  which many, i f  not a l l ,  contami- 

nation control problems may be viewed. 

Two P a r t i a l  Examples. To i l l u s t r a t e  the above, somewhat abs t r ac t ,  
approach t o  resolving contamination control  problems, two somewhat more 
spec i f i c  problems i n  which t h i s  approach has been p a r t i a l l y  implemented 
w i l l  be b r i e f l y  discussed. 

Tierney and the author ha e considered the probabi l i ty  of f a i l u r e  
from contamination of a valve.3 
might be s ta ted :  To control  contamination so t h a t  the probabi l i ty  of 
f a i l u r e  of a valve before time T from pa r t i cu la t e  contamination should 
be l e s s  than E .  I n  t h i s  primary object ive,  an "unacceptable penalty" 
appears i n  the form ' ' f a i l u re  before time T." I n  the s i t u a t i o n  envi- 
sioned, an imacceptable penalty was incurred i n  only one way: f a i l u r e  
of one valve before time t .  Thus the secondary object ive was merely 
a rephrasing of the primary object ive,  i . e . ,  

PF(t) f o r  t <  T ,  

control  problems , 

In  t h i s  instance,  the primary object ive 

where P F ( ~ )  represents the probabi l i ty  of f a i l u r e  (from pa r t i cu la t e  
contamination) a t  time t .  

I n  the next l e v e l ,  i t  was hypothesized t h a t  f a i l u r e  occurred as  a 
r e s u l t  of having ce r t a in  amounts a i  of M types of pa r t i cu la t e  contami- 
nat ion (here,  i = 1,2,. . . ,M) , and the analysis  was much the same as  the 
general case above with a i  = x .  That i s  

e x  *% 

PF(t) = x ... P ~ ( a 1 ,  ..., aM:t) €'(ai, ..., aM:t) 
al=0 a2=0 aM=O 

where 

PF(a1, ..., a ~ : t )  i s  the probabi l i ty  of f a i l u r e  of the valve a t  time t 
i f  amount a i  of the i t h  type of contamination i s  pres- 
en t  i n  the valve a t  time t ( i  = 1,2,.. . ,M), 

and 
P(a1, ..., aM:t) i s  the probabi l i ty  t h a t  there  w i l l  be amounts a -  of 

the i t h  type of contamination present i n  the vaive 
a t  time t .  

In  analyzing P(a1, ..., aM:t), it was assumed t h a t  there were N sources 
of contamination f o r  the valve during i t s  operation: contamination 
sealed i n  the cer ta in  s i t e s  of the system t o  which the valve was a t -  
tached. N o  consideration was given t o  the ana lys i s  of spec i f i c  sources 
of contamination before operation of the system, i . e . ,  the environment 
before the system was sealed,  contamination from mater ia l s  i n  the sys- 
t e m ,  and so for th .  
of (a) a probabi l i ty  d i s t r ibu t ion ,  P i ,  represent ing the i n i t i a l  ( a f t e r  

Thus, the analysis  of P(al, ..., aM:t) was i n  terms 

'Tierney, M. S. and Trauth, C .  A . ,  Jr., A Model f o r  Determining 
the Probabi l i ty  of Fai lure  of a Valve Having a P a r t i c l e  Contamination 
Fai lure  Mode , Sandia Laboratories Research Report , SC-RR-6/-//2. 
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sea l ing)  contamination i n  the ith s i t e  and (b) the probabi l i ty ,  llii) ( t ) ,  
t h a t  a s ingle  p a r t i c l e  of type j i n  the ith s i te ,  i n i t i a l l y ,  would be 
found i n  t h e  valve a t  t i m e  t .  These l a t t e r  p robab i l i t i e s  were fu r the r  
analyzed by assuming tha t  cer ta in  " t ransi t ion" p robab i l i t i e s  were known 
(s igni f icant  f ac to r s  a t  the s ixth l e v e l ) .  

While the authors had no s e c i f i c  system involving a valve i n  mind, 
so t h a t  the analysis  was not Carrie -=T-E eyond t h i s  l e v e l ,  the approach 
p a r a l l e l s  the general approach presented above, and was not ,  inciden- 
t a l l y ,  undertaken with the general approach i n  mind. 

The second example of an analysis of a Contamination control  prob- 
lem which resembles the general approach presented i n  t h i s  paper i s  the 
ana lys i s  of the planetary quarantine problem. 
one form of the primary objective may be s t a t e d  a s  follows: 

I n  planetary quarantine 

To control  contamination so t h a t  the probabi l i ty  of biasing l i f e  
detect ion and analysis  experimentation on a given planet before 
time T should not exceed 6 .  

I n  t h i s  object ive,  an "unacceptable penalty" becomes "biasing l i f e  de- 
t ec t ion  and analysis  experimentation before time T." Unfortunately T 
must be regarded a s  unknown. One possible de f in i t i on  of "biasing" i n  
t h i s  context i s  "obtaining resul ts  one would otherwise not obtain." 
This,  again, presents some problem since what one would obtain without 
any contamination i s  unknown. 

i n  a r port  i n  which an "unacceptable penalty" was ac tua l ly  l e f t  unde- 
f ined  The ways of incurr ing unacceptable pena l t ies  (biasing experi-  
mentation) were assumed t o  be the missions launched i n  the v i c i n i t y  of 
the planet  i n  question. 
each c l a s s  having a possibly d i f fe ren t  mode of del iver ing contamination 
(e.g., landers ,  f lybys and o r b i t e r s ) .  Because i t  was deemed prudent t o  
consider the number of missions i n  any c l a s s  unknown (as  w e l l  a s  the 
time period, T,  r e f e r r ed  t o  i n  the primary object ive) ,  a simple model 
of the form found i n  the general contamination control  t r e e  (p.38) could 
not be used. The model developed was one allowing per iodic  estimates 
t o  be made of the number of missions t o  be launched i n  each c l a s s .  Th e 
s ign i f i can t  fac tors  influencing the attainment of the primary object ive 
were of the form 

An analysis  of e s sen t i a l ly  the above primary object ive may be found 

The missions were divided i n t o  "classes" - 

Pik - the probabi l i ty  t h a t  a mission of the ith c las s  whose 
launch i s  deemed necessary as  a r e s u l t  of the kth e s t i -  
mate w i l l  "contaminate" the planet  i n  question. 

Here, "contaminate" may be understood t o  mean "deposit contamination i n  
such a way tha t  l i f e  detect ion and analysis  experimentation is  biased.' ' 
The exact  nature of the model w i l l  be found i n  the repor t ,  and need not 
be elaborated upon here .  The secondary object ives  a r i s ing  from the model 
a r e  of the form 

Pik 5 c ik  9 

'Trauth, C .  A . ,  Jr., A Sequential Decision Model of Planetary 
Quarantine Primary Objectives, Sandia Laboratories Research Report, 
SC-RR-67  -462. 
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where the Cik can be d i r e c t l y  r e l a t ed  t o  the 
mary object ive.  

performed; however, enough i s  known t o  show t h a t  one of the s ign i f i can t  
f ac to r s  appearing a t  approximately the t h i r d  l eve l  i s  of the form 

appearing i n  the p r i -  

A complete analysis  leading t o  t e r t i a r y  object ives  has yet  t o  be 

pL { n ( t )  = k \  - the probabi l i ty  t h a t  the bioburden of a m i s -  
s ion a t  launch i s  equal t o  k ( for  k = 0,1, 
2 ,  ...). 

To attempt t o  analyze t h i s  probabi l i ty  d i s t r ibu t ion ,  a model has been 
developed which may be used t o  predict  microbial survival  (or death)lO 
i n  thermal environments. The s ign i f i can t  f ac to r s  appearing i n  the 
model include 

- The temperature of the thermal environment, 
- Time the capsule i s  exposed t o  the thermal environment, and 
- The number of micro-organisms on the capsule j u s t  before i t s  

exposure t o  the thermal environment (or an i n i t i a l  d i s t r ibu -  
t i on ,  i f  more appropriate .) . 

A f i r s t  attempt has been made t o  analyze t s l a s t  f ac to r  i n  terms of 

way t o  analyze these parameters i n  terms of environmental parameters i n  
the hope of obtaining some actionable var iab les .  

Thus, i n  planetary quarantine, the primary object ive has a form 
l i k e  the general contamination control object ive.  The secondary ob- 
j e c t i v e s  r e l a t e  t o  ways of incurring penal t ies  and are  s imi la r  i n  form 
t o  those s t a t ed  e a r l i e r  i n  the general context of contamination control .  
Third l eve l  objectives which a re  known a t  t h i s  time are  r e l a t e d  t o  
quant i t ies  or amounts of micro-organisms present on missions, and those 
fourth l e v e l  objectives cur ren t ly  being invest igated r e l a t e  t o  sources 
of contamination (assembly, manufacture, e t c . ) .  Thus, again,  planetary 
quarantine i s  another problem area which insofar  as  i t  has been analyzed, 
p a r a l l e l s  the general analysis  presented e a r l i e r  i n  t h i s  sec t ion .  Ad- 
mit tedly,  some portions of the hierarchy w i l l  d i f f e r  from the general 
abs t r ac t  case presented e a r l i e r  , but bas i ca l ly ,  planetary quarantine 
follows t h i s  pat tern.  

c e r t a i n  assembly contamination parameters, I t  and fu r the r  work i s  under- 

'"Brannen, J. P . ,  A Rational Model f o r  Spacecraft S t e r i l i z a t i o n  
Requirements , Sandia Laboratories Research Report, SC-RR-6/ -256. 

organisms," Mathematical Biosciences, t o  appear. 

t o r  Planetary Quarantine Requirements, Journal of Space Li fe  Sciences, 

, " A  Rational Model fo r  Thermal S t e r i l i z a t i o n  of Micro- 

, "On Logarithmic Extrapo1;tion of Microbial Survivor Curves 

t o  appear. 

"Sherry, E .  J. and Trauth, C .  A. Jr., An Assembly Contamination 
Model , Sandia Laboratories Research Report , SC-RR-66-421. 
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Incidental ly ,  the " l e f t  branches'' of the general  t r e e  developed on 
on page does not y i e ld  only measurable var iab les  f o r  planetary 
quarantine. 
be known 2 r i o r i m a t  many of the var iables  occurring i n  these 
branches w i b s e n t  decision fhtuat ions.  Analysis of these l e f t  
branches i s  current ly  underway. 

The ac tua l  consequences of contaminating a planet  cannot 

Conclusions and Comments 

The i n t e n t  of t h i s  paper was t o  develop a theory of contamination 

(1) broad enough t o  encompass a l l  contamination control  problems, 
(2) capable of aiding i n  the formulation of spec i f i c  contamination 

control  object ives  i n  any given s i tua t ion ,  
(3) he lpfu l  i n  determining the a c t i v i t i e s  needed fo r  the achieve- 

ment of contamination control  object ives  on some "optimal" 
u t i l i t y -pena l ty  bas i s .  

cont ro l  with the following propert ies .  It should be 

The d e s i r a b i l i t y  of such a theory may be a t t r i b u t e d  t o  two things.  
F i r s t ,  the "universali ty" of contamination control  problems, and second, 
the  s imilar  abs t r ac t  character of many contamination control  problems. 
These lead,  inevi tab ly ,  t o  the conclusion t h a t  there  w i l l  be many pos- 
s i b l e  ways of solving contamination control  problems. The po ten t i a l  
gains  associated with making a "best" choice from among a l t e rna t ive  
means of resolving a given problem s e e m  g rea t ,  so t h a t  a theory having 
the  above named a t t r i b u t e s  seems desirable .  

The "systems philosophy" was introduced a s  an approach t o  problem 
re so lu t ion  primarily concerned with determining a c t i v i t i e s  which "best" 
achieve some given set of objectives.  A s  a philosophy, i t  i s  i n  many 
ways analogous t o  the " s c i e n t i f i c  method," and i s ,  therefore ,  not a 
spec i f i c  problem reso lu t ion  scheme but ,  r a the r ,  a point of view. To 
ac tua l ly  implement the systems philosophy, a framework inwhich  primary 
object ives  (or ig ina l  problem objectives) a r e  l inked t o  "actionable" ob- 
j e c t i v e s  (d i r ec t ly  achievable objectives)l was developed. 
work was termed an "objective hierarchy, and the  elements occurring i n  
it may be d i r e c t l y  r e l a t e d  t o  those occurring i n  the "systems philosophy." 
The object ive hierarchy appears t o  be a framework possessing propert ies  
( l ) ,  (2) and (3),  l i s t e d  above, provided t h a t  primary object ives  f o r  
contamination control  a r e  known. 

This frame- 

F ina l ly ,  primary objectives f o r  contamination control  w e r e  s ta ted ,  
and a p a r t i a l  abs t r ac t  analysis  of these i n  the object ive hierarchy 
framework was ca r r i ed  out. To examine the v a l i d i t y  of t h i s  approach, 
two r a the r  d i ss imi la r  spec i f i c  contamination control  problems were pre- 
sented. Each seemed t o  be capable of formulation within the framework 

12This research was evidenced by the presentat ions of N. H. Horowitz 
and R.  W. Davies a t  the meeting of the Spacecraft S t e r i l i z a t i o n  Advisory 
Committee of the American I n s t i t u t e  of Biological Sciences he ld  i n  LOS 
Angeles June 19-21, 1967. 'Ihese gentlemen were addressing themselves 
t o  the questions of the  nature of contamination and the pena l t ies  t h a t  
might be incurred f o r  i t s  existence i n  c e r t a i n  spacecraf t  components. 
Not unrelated,  the a r t i c l e  by Horowitz, Davies and R. W. Sharp e n t i t l e d  
Planetary Contamination I: The Problem and the Agreements," Science, 

V O ~ .  155, NO. 3769, pp. 1501-1505. 
11 
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develo e d  i n  t h i s  aper,  allowing fo r  some va r i a t ions  i n  spec i f i c  param- 
e t e r s  gecause of t K e spec i f i c  nature of the problems. 

t h i s  paper seems applicable t o  most contamination control  s i t ua t ions  
it  must be understood t h a t  i t  i s  not a t e s t ed  theory. To the author s 
knowledge, no problem i n  contamination control  has been analyzed i n  
t h i s  fashion t o  a complete s e t  of actionable object ives .  Thus it  i s  a 
matter of believing t h a t  t h i s  can be done. Since a complete s e t  of 
actionable var iables  has not been obtained i n  any contamination control  
s i t ua t ion ,  it follows t h a t  the theory i s  equal ly  unt r ied  i n  i t s  a b i l i t y  
t o  obtain "best" means of problem resolut ion.  Nevertheless , with t h i s  
reservat ion (and others  mentioned below) the approach t o  contamination 
control  developed i n  t h i s  paper seems, i n  theory, t o  s a t i s f y  the goals 
s e t  fo r th  i n  t h i s  paper. 

Aside from the untested nature of the approach presented here ,  
there  a re  a t  l e a s t  two other reservat ions about the approach t h a t  should 
be mentioned. The f i r s t  i s  t h a t  the true' '  nature of resource a l loca-  
t i o n  f o r  control has not been thoroughly t r ea t ed .  The method out l ined 
i n  t h i s  paper i s  an approximate method: a more " r e a l i s t i c "  method r e -  
quires the solut ion of a r a the r  complex resource a l loca t ion  problem 
constrained by the r e s u l t s  of solving a number of resource scheduling 
problems. This occurs when the control  of terminal or actionable v a r i -  
ables i s  not independent, i . e . ,  when the method of control  of one may 
influence the control of another. For example, i f  a c lean room i s  
needed f o r  the achievement of one actionable object ive and a l e s s  cos t ly  
cleaning f a c i l i t y  i s  needed f o r  the achievement of another,  i t  may be 
possible ,  schedule permitt ing,  t o  use the clean room (which one must 
have) t o  replace the cleaning f a c i l i t y ,  thereby reducing the t o t a l e -  
source expenditure. Thus, a need f o r  the "usual" too ls  of planning i s  
evidenced i n  the approach presented i n  t h i s  paper. The so lu t ion  of 
a l loca t ion  and scheduling problems i s ,  a t  times, very d i f f i c u l t ,  13 so  
t h a t  the complete success of the approach t o  contamination control  pre- 
sented here may depend upon one's a b i l i t y  t o  resolve other  d i f f i c u l t  
problems. The second reservat ion about the approach out l ined i n  t h i s  
paper i s  tha t  i t  does not consider the organizational and educational 
aspects of planning. The organizational r o l e  t h a t  contamination control  
groups play,  the number of groups involved, and the way i n  which they 
are  coordinated must influence the effect iveness  of Contamination con- 
t r o l  act ions as  well as have some e f f e c t  on the pena l t ies  associated 
with contamination control  a c t i v i t i e s .  Educational f ac to r s  w i l l  in -  
fluence contamination control  "acceptance," e f fec t iveness ,  a c t i v i t i e s  
and so f o r t h .  For example, only when the engineering community accepts 
contamination control as a v i t a l  consideration i n  product design w i l l  
the poten t ia l  gains i n  t h i s  area be rea l ized .  

Both the educational and organizational aspects of contamination 
control  planning tend t o  be associated with the implementation of a 
technical  plan derived, possibly,  within a framework s imi la r  t o  t h a t  
presented here .  Their importance may be secondary i n  any r e l a t i v e l y  
shor t  time frame, bu t ,  long term, t h e i r  consideration may well  be neces- 
sa ry ,  and cer ta in ly  desirable .  

While the general approach t o  contamination control  presented i n  
t 

13Pierce , J. F. , Jr . , Some Large-Scale Production Scheduling Prob- 
lems i n  the Paper Industry,  Prentice-Hall ,  EngLewood a' itts, N. J . ,  
'1964.  
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CLOSING 

CLOSING OBSERVATIONS 

by 
H. D. S I V I N S K I  

Chairman of Symposium 

I want t o  say t h a t  f o r  me t h i s  has  been a good symposium, and prob- 
ably f o r  a very d i f f e ren t  reason than fo r  most of the other pa r t i c ipan t s .  
It has been good fo r  me because I am somewhat new t o  contamination con- 
t r o l ,  and am therefore on the steep slope of the learning curve. This 
symposium has taught me much very quickly. 

Two things,  I th ink ,  need fur ther  development as  a r e s u l t  of t h i s  
symposium. 
f i r s t  i s ,  "What r e a l l  

mum penalty.  W e  never had a chance t o  develop very f u l l y  t h i s  f i r s t  
theme because individual  problems multiply so rap id ly  t h a t  such an ap- 
proach becomes in t r ac t ab le  very quickly. So perhaps w e  dea l t  with i t  i n  
the bes t  way, so  t h a t  one can by inference and by ta lking t o  the people 
a t  the symposium determine i n  general what these problems a re .  The 
reason one wants t o  know, of course, i s  t h a t  we have representat ion here  
from the instrument manufacturers and the research i n s t i t u t e s ,  and these 
a r e  the people who can bes t  s t a r t  t o  f u l f i l l  the needs of the f i e l d .  

I am not yet  sure how w e l l  we did i n i t i a l l y  on e i t h e r .  
a r e  the problems i n  the f ie ld?"  And by the 

The 

" f ie ld"  I mean t + e people who have product t o  turn  out everyday a t  mini- 

I would caution you, however not t o  ge t  trapped by becoming so 

Anything t h a t  has not been f inished when it was needed, and, 

enamored and involved i n  the solut ion of a problem t h a t  you forge t  what 
the problem was a l l  about. Anything t h a t  i s  too complex t o  use i s  
va lue less .  
therefore ,  i s  not timely, i s  valueless .  So, i n  applied research, some- 
body has t o  remember what we are out t o  t r y  t o  do--and then do t h a t .  

The second thing i s  , "What a re  the instrumentation manufacturers 
and research i n s t i t u t e  people doing and what should they be doing?" 
The exponential advances i n  technology a r e  making some problems more 
t r a c t a b l e  every day. The problems t h a t  were impossible yesterday a r e  
possible  today and may be easy t o  solve tomorrow. My advice i s ,  "Don't 
s i t  on your problem; communicate!" Communications, it appears t o  me, 
i s  the g rea t  problem i n  contamination control  and instrumentation. I 
have heard people say, "I solved the problem h e ' s  ta lk ing  about a year 
ago," or "I had an instrument that  did what he i s  doing a year ago." 
I think we tend t o  play our cards too close t o  our v e s t .  

b a s i s  of not too long an involvement and therefore  more from the posi-  
t i o n  of an outsider looking i n .  Perhaps t h i s  gives  m e  a d i f f e ren t  view. 
I w i l l  not say i t  i s  b e t t e r ,  but i t  may be d i f f e ren t  from t h a t  of you 
who have dedicated l a rge r  portions of your professional l i f e  t o  t h i s  
f i e l d .  Contamination cont ro l ,  it appears t o  m e ,  should have, by now, 

N o w  I would l i k e  t o  be philosophical fo r  a moment, and again on the 
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grown up t o  be a recognized cons idera t ion  i n  the  t o t a l  product procure- 
ment process ,  through concept, design., manufacture, s to rage ,  and use.  
Based on what I have f requent ly  seen so f a r ,  I see no reason f o r  r e -  
j o i c i n g  a t  our progress on t h i s  po in t .  
t o  m e ,  i s  not properly supported, and I th ink  t h a t  we, a s  a group, 
should begin t o  lo se  pat ience with ourselves  and with any management 
and engineering and manufacturing segments of t h e  populat ion t h a t  can- 
not  o r  w i l l  not  s top  the waste of the  precious commodities of t i m e ,  
e f f o r t ,  and money by r e fus ing  t o  inves t  properly i n  the a rea  of contam- 
i n a t i o n  c o n t r o l ,  We ought t o  s t a r t  thinking about contamination con- 
t r o l  a l o t  sooner i n  the t o t a l  process ,  and i t  i s  up t o  us t o  educate 
whoever i s  blocking t h a t  kind of a c t i v i t y .  
aggressive i n  providing mature cons idera t ion  of contamination con t ro l ,  
and communication with each o ther  i s  c e r t a i n l y  t h e  b e s t  way t o  begin 
t o  do t h a t .  

contamination con t ro l  i t  appears 

W e  need t o  become more 



SUMMATION 

by 

F. J. BEYERLE 
Vice Chairman of Symposium 

This symposium has shown that automation and instrumentation for 
the measurement of contamination with any degree of reliability and 
reproducibility can still be considered in its embryonic stage for NASA 
aerospace applications. 

For example, we are continually searching for automatic methods of 
analyzing organic compounds for nonvolatile residue content. We have 
not found one. We need an instrument that can reliably determine par- 
ticulate contamination in liquid systems on a high volume or continous 
flow basis. We have not found one. We need an instrument to detect 
contamination in gaseous systems, such as N2, 02, He, or gas bearing 
systems. We have not found one. Finally, we have not fully accepted 
automatic particle counters for use in aerospace clean rooms as produc- 
tion models. 

This means that we still have a long way to go to attain these 
goals, and, hopefully, we in NASA are looking forward to help resolve 
these problems. We recognize, also, the complexities involved in meet- 
ing the many faceted requirements in the NASA contamination control 
programs which may create problems for manufacturers of instrumentation. 

Finally, as the NASA representative for this symposium, I want to 
thank the AEC, Sandia Corporation, and especially M r .  Sivinski and his 
staff for the fine job they have done in making this symposium a smooth 
running performance . 
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